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PREFACE 


I N 1904 I published through the Cambridge University Press a 
collected account of radioactive phenomena entitled Radioactivity , 
followed a year later by a revised and enlarged edition. In 1912 a 
new volume was issued, entitled Radioactive Substances and their 
Radiations (Cambridge University Press), which endeavoured to give 
a concise account of our knowledge of radioactivity within the com- 
pass of a single volume. 

The issue of this book was sold out soon after the conclusion of the 
War, and I was unable in the press of other work to find time for the 
preparation of a revised edition. 

Since the publication in 1912, there has been a very rapid growth 
of our knowledge of the transformations of radioactive substances 
and of the radiations which accompany these transformations. The 
literature has rapidly expanded and many thousands of new papers, 
dealing with various aspects of the subject, have been published. It 
was felt that any attempt to give a collected account of the researches 
on this subject along the lines of the 1912 edition would have 
necessitated a very bulky volume. In the meantime, the need for such 
a publication had been met by the appearance of several new books. 
Professors Stefan Meyer and Egon v. Schweidler published, in 1916, 
Radioakhi'itat (Teubner, Berlin), followed in 1927 by a second enlarged 
edition. This excellent volume, which gives references to all the 
literature on this subject, is of great value to the scientific student. 
In 1928, Professor K. W. F. Kohlrausch published a collected account 
of radioactive researches entitled Radioaktivitat , which appeared as 
one of the volumes of the Wien-Harms Handbuch dcr Experimental 
Physik. f f his extensive work gives an excellent detailed survey of our 
knowledge of the subject. 1 should also refer to the very useful 
summary Radioactivity , 1925, revised and reprinted 1929, prepared by 
Professor A. F. Kovarik and Dr L. W. McKeehan as a Bulletin of the 
National Research Council of the National Academy of Sciences, 
Washington. This summarises in a compact form the more important 
additions to our knowledge of this subject since the year 1916. 

With the exception of a few outstanding problems, the wonderful 
. cries of radioactive transformations of uranium, thorium, and 
actinium are now well understood and attention today tends to be 
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more and more concentrated on the study of the a, and y rays 
which accompany the transformations and of the effects produced by 
these radiations in their passage through matter. This is a subject 
not only of great scientific interest but of fundamental importance. 
A detailed study of the nature and modes of emission of the radiations 
spontaneously appearing during the disintegration of atoms promises 
to give us information of great value on the structure of the nucleus 
of the atom and of the energy changes involved in its transformation. 

In addition, the bombardment of matter by swift d particles has 
placed in our hands a powerful method for studying the artificial 
transformation of the nuclei of a number of the ordinary elements. 
Evidence is accumulating that by this method we are not only able 
to cause a disintegration of a nucleus with loss of mass but also in 
some cases to build up a nucleus of greater mass by capture of the 
colliding a particle. 

For these reasons, I have thought it desirable to confine this new 
work mainly to an account of the radiations from active matter and 
their application to physical problems. The way in which the long 
series of radioactive transformations has been unravelled is only 
referred to in an incidental manner. 

It has been our object to give a concise and connected account of 
our knowledge of the radiations and of the bearing of the results on 
the problem of the structure of the nucleus. No attempt has been 
made to include an account of all the numerous papers which have 
appeared within the last decade, but it is hoped that the more 
important and essential facts and theories have received adequate 
treatment. 

During the last two years there has been a vigorous attack on the 
problem of nuclear structure based on the ideas of the wave mechanics. 
In a time of such rapid advance, it is inevitable that a number of new 
facts and theories which have been published while thj book was 
passing through the press could not be included. It is hoped that 
such lacunae will be filled in a subsequent edition. 

In the preparation of this volume, I have been fortunate in 
obtaining the help of my colleagues Dr J. Chadwick, F.R.S., and 
Dr C. D. Ellis, F.R.S., who have themselves made substantial con- 
tributions to ourknowledge of the subject. While all three of 11s have 
co-operated in the preparation of this book, I have been mainly re- 
sponsible for the chapters dealing with the a rays, Dr Chadwick for 
the chapters dealing with the scattering of a and ft particles by matter 
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and the artificial disintegration of the elements, and Dr Ellis for the 
account of the and y rays. 

We are indebted to Professors L. Meitner and C. T. R. Wilson, 
Dr Skobelzyn, M. Frilley, Mr Blackett, and the proprietors of the 
Zeitschrift fur Physik for permission to publish some of the photo- 
graphs in the plates; to the Council of the Royal Society and the 
proprietors of the Philosophical Magazine for the use of certain figure 
blocks, and teethe Akademische Verlagsgesellschaft m.b.H., Leipzig, 
for Figs. 126, 128 and 130, which are based on corresponding figures 
in Radioaktivitdty by K. W. F. Kohlrausch. We desire to express our 
thanks to Mr G. A. R. Crowe for preparation of many of the diagrams. 

E. RUTHERFORD 


Cavendish Laboratory 
Cambridge 

October , 1930 
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Pag© 35, line 8, for effect of lowering the nuclear positive charge read effect 
of raising etc. 

Pag© 155, line 15, for Bhose read Bose. 



CHAPTER I 


RADIOACTIVE TRANSFORMATIONS 

§ 1 . In studying the history of the rapid progress in our knowledge 
of atomic physics during the past thirty years, one cannot fail to be 
impressed with* the outstanding importance of three fundamental 
discoveries which followed one another in rapid succession at the 
close of the last century. We refer to the discovery of the X rays by 
Rontgen in 1895, the discovery of the radioactivity of uranium by 
Becquerel early in 1896, and the proof of the independent existence 
of the negative electron in 1897 by Sir J. J. Thomson, Wiechert 
and Kaufmann. In a sense these discoveries mark the beginning 
of a new epoch in physics, for they provided new and powerful 
methods for attacking the fundamental problems of physics, such 
as the nature of electricity and the constitution and relation of the 
atoms < i the elements. While the rapid development of our know- 
ledge in each of these new fields of enquiry has provided us with new 
and very valuable information on the nature of radiation and the 
; ntei action between radiation and matter, a new orientation of our 
views on this subject was given by the remarkable theory of quanta 
first put forward by Planck in 1900, although its full significance was 
not generally recognised for another decade. The application in 1913 
by Bohr of the quantum theory to explain the origin of spectra and 
the arrangement of the electrons in the outer structure of the atom 
has proved of great significance to modern science. It has not only 
given us a general view of the motions and arrangements of the 
electrons in the outer atom, but has revolutionised our ideas of the 
origin of spectra and the interactions between radiation and matter. 

While the development of each of these great discoveries has pro- 
ceeded rapidly and has added much to our knowledge in its particular 
fi ‘Id, it is clear th^t these lines of enquiry are closely related, and 
have mutually interacted at all stages of the advance. This can be 
illustrated in a multitude of ways. For example, the production of a 
temporary conductivity in gases by X rays led to a clear understand- 
ing of the transport of electricity through gases by means of charged 
ion^. This^ ionisation theory of gases was applied directly to the 
analogous conductivity of gases produced by the rays from radioactive 
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substances and gave us a clear interpretation of the electrical 
method of comparing the activities of radioactive substances. The 
methods developed by Sir J. J. Thomson to measure the velocity and 
value of ejm of the electrons in a vacuum tube were directly applied 
by Kaufmann to study the variation with velocity of the mass of the 
swift fi rays emitted by radium, and by Rutherford to determine the 
velocity and mass of the a particles ejected from radioactive sub- 
stances. 

The information gained from a close study of X rays was utilised 
to elucidate the nature of the very penetrating y rays from radio- 
active bodies, while the application of the quantum theory gave us 
an actual measure of the wave-length of these high frequency 
radiations. 

On the other hand, the study of the radioactive substances has 
given us a wealth of information on atomic structure which has 
proved of fundamental importance. It first brought out that the 
atoms of the heavier elements like uranium and thorium were not 
permanently stable, but were undergoing spontaneous transformation 
with the emission of characteristic radiations of new and powerful 
types. A close study of the successive transformations of uranium 
and thorium has disclosed the presence of a group of about thirty 
new elements which are characterised by their distinctive radio- 
active properties. The examination of the chemical properties of 
these radioactive elements, often existing in minute amounts, first 
brought to light the existence of isotopes, i.e. of elements of almost 
identical chemical and physical properties but differing in mass and 
in radioactive qualities. This has been followed by the proof that 
many of the ordinary elements also consist of a mixture of isotopes. 

While radioactivity showed us that some of the atoms of the 
heavier elements were unstable and occasionally (Lisin tegfated with 
explosive violence, it at the same time gave us the most convincing 
evidence of the existence of atoms as definite units in the structure 
of matter and provided the first method for the detection and counting 
of the individual atoms of matter in the form of p particles. 

The study of the transformation of the radioactive atoms brought 
to our attention a new type of sub-atomic change which was spon- 
taneous and uncontrollable by any known physical or chemical 
agency, and was accompanied by an emission of energy per atom 
in the form of characteristic radiation, enormous compare^ with that 
involved in ordinary chemical reactions. The emission of tlm energetio 
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a particle, the swift £ ray and the penetrating y ray gave us new types 
of radiation to study, of an individual intensity that has so far not 
been equalled by laboratory methods. At the same time, the a 
particle provided us with a particle of such great swiftness and energy 
that it was able to pass freely through the structure of the atom. By 
studying the deflexion of individual a particles in their passage 
through a single atom, definite evidence was obtained of the nuclear 
structure of th§ atoms and of the magnitude of the nuclear charge 
and thus of the number of electrons in the outer atom. 

In a similar way, the swift a particles have been used to bombard 
the atoms of the ordinary elements, resulting in some cases in the 
disintegration of the nucleus with the expulsion of a swift proton. 
While the property of radioactivity has been instrumental in giving 
us information of extraordinary value on the structure of the nuclei 
of atoms, it seems clear that a still closer study of the wonderful series 
of transformations in uranium and thorium cannot fail to yield 
further results of the greati-nt significance and importance, for as yet 
few even of the facts already obtained can be adequately interpreted. 

It is i tow known that the fundamental radioactive processes have 
their origin, not in the electronic structure of the outer atom, but in 
the centre or nucleus of the atom. One of the most valuable methods 
>r throwing light on the nature of these nuclear changes is a study 
of tin 1 radiations emitted during the transformation of an atom. 
In particular, investigations on the wave-length of the y rays 
emitted by some radioactive bodies give us important information 
on the frequency of vibration within the nucleus of the atom, while 
the velocity of emission of the a and particles gives us some 
indication of the magnitude of the electric fields close to the nucleus. 

In this work, we shall deal mainly with the properties of the 
radiations* emitted by radioactive elements. We shall only in- 
cidentally refer to the modes of analysis of the long series of successive 
changes in the primary radioactive elements uranium and thorium, 
except in so far as a knowledge of these processes is of importance in 
connection with tho origin and nature of the radiations. 

After a brief account of the theory of radioactive transformations, 
we shall deal in chapters n— v t ii with the nature and properties of the 
« particle and the varied effects which are observed in its passage 
thre ugh matter. In chapters viii-xii we shall discuss the occasional 
large angla deflections suffered by an a particle in passing close to 
a nucleus and the information which has been obtained in this way 
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on the nuclear structure of the atom and the nature and variation 
of the forces close to the nucleus. This will be followed by an account 
of experimental observations on the artificial transformation of certain 
light elements resulting from the close collisions of the a particle 
with the atomic nucleus. This has given us the first definite proof 
that the nuclei of some of the lighter elements can be transformed 
by the action of external agencies. 

In chapters xii-xvi the nature and origin of the and y rays 
from radioactive matter and their absorption by matter are con- 
sidered. Rapid advances in this field have been made in recent years 
and methods have been found to measure the wave-length of the 
stronger y rays and to determine their relative intensity. 

In chapters xvi-xviii a brief account will be given of our knowledge 
of the ultra-penetrating y rays, sometimes called the cosmic rays, 
observed in our atmosphere and of the radioactivity of matter in 
general with special reference to the type of radioactivity shown by 
potassium and rubidium. An account also is given of the present 
state of our knowledge of the mass and structure of the nuclei of 
the common elements and their relation to the radioactive elements. 
The energy changes involved in the formation and destruction of 
atomic nuclei are also considered. 

§ 2. Discovery of Radioactivity. The discovery of the radioactivity 
of uranium by Professor Henri Becquerel in February 1896 was in 
a sense a direct consequence of the discovery of X rays by Rontgen 
a few months earlier. It is of interest to consider in some detail the 
sequence of events leading to this discovery which was afterwards 
to prove of such fundamental importance. The remarkable pro- 
perties of the X rays had excited intense interest throughout the 
scientific world, but for some time the cause and nature of*these rays 
were a matter of conjecture. It occurred to sever d that the origin 
of the rays might be connected with the brilliant phosphorescence 
of the glass of the X ray tube which appeared to accompany the 
emission of X rays. Following out this idea, several investigators 
tried w hether substances like calcium sulphide, which phosphoresced 
under ordinary light, gave out penetrating radiations of the X ray 
type. After several negative experiments of this kind, it occurred 
to Becquerel to investigate a uranium salt, the double sulphate of 
uranium and potassium, which he had prepared fifteen ypars before 
and had shown to give a brilliant phosphorescence under the action 
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of ultra-violet light. After exposure to light, the salt was wrapped 
in black paper and placed below a photographic plate with a small 
plate of silver between. After several hours’ exposure a distinct 
photographic effect was observed, indicating the emission from the 
salt of a radiation of penetrating type. Subsequent experiments 
showed that the photographic action was quite independent of the 
phosphorescence and was shown equally by all the salts of uranium 
and the metal itself. In the light of later knowledge, it is clear that 
the photographic effect was due to the penetrating ft rays emitted 
by uranium, for the easily absorbed a rays did not penetrate the 
black paper. 

The photographic effect of the rays from uranium is feeble, and long 
exposures are required to produce a marked effect. As Becquerel 
first showed, the rays from uranium, like X rays, possess the property 
of discharging electrified bodies. This electric effect of the radiations 
is due to the volume ionisation of the gas by the radiations. Under 
suitable conditions, this electrical effect provides a sensitive quantita- 
tive method of studying the radiations from active bodies. 

As a result of study of the penetrating power of the radiations 
emitted by uranium, Rutherford concluded that the rays could be 
divided into two types, one called the alpha (a) rays which were very 
asil} absorbed but produced an intense ionisation, and a much more 
penet rating type called the beta (ft) rays. When a still more pene- 
trating typ. of radiation was later found to be emitted from radium, 
Villard named them the gamma (y) rays. 

In order to ascertain whether radioactivity was a general property 
of matter, most of the elements were examined for activity by 
Mine Curie, using the electrical method. Thorium, the next heaviest 
element to uranium, was found by Schmidt and Mine Curie to show 
an activity comparable with that of uranium. Apart from uranium 
and tkorium and their numerous transformation elements, no other > 
elements were found to be radioactive. Subsequently, in 1907, 
N. R. Campbell found that both potassium and rubidium showed 
a weak activity dup to the emission of swift ft particles. The activity, 
however, is very small, corresponding to only about 1/1000 of the 
ft ray activity of an equal weight of uranium. On accoimt of their 
weak activity, it is difficult to study the radioactive properties of 
thf. ie elements in detail. No evidence has been obtained of any 
su jcessiv^ transformations in these elements as in the case of uraniunq 
and thorium. 
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While the activity shown by these comparatively light elements, so 
far removed in atomic weight from uranium and thorium, is a matter 
of some surprise, the evidence so far obtained indicates that they are 
true radioactive elements, in which the atoms break up with the 
emission of swift electrons. The ft rays from potassium are more 
penetrating than those from rubidium, but the number of ft particles 
emitted per second is more numerous in the latter. 

In 1898, Mine Curie compared by the electric method the activities 
of different uranium and thorium compounds and of a number of 
minerals containing uranium and thorium. In the case of uranium 
minerals, for example pitchblende from Bohemia, the activity ob- 
served was about four times that of uranium metal. This was a 
surprising result, for other observations had shown that the activity 
of uranium was an atomic property, i.c. it was proportional to the 
amount of uranium present and independent of its combinations 
with other inactive elements. It thus seemed probable that the high 
activity of the mineral must be due to the presence of small quantities 
of an unknown element or elements of activity greater than uranium 
or thorium. Relying on this hypothesis, Mine Curie made a systematic 
analysis of a uranium mineral to lind evidence of a new radioactive 
element. This work was completely successful and soon led to the 
discovery of two new and very active substances called polonium and 
radium, the latter in the pure state having an activity several million 
times that of uranium. This important discovery was only }>ossible 
by using the activity of the elements as a guide in their separation 
and concentration. By means of the electric method, the changes in 
activity due to the chemical treatment could be followed quanti- 
tatively. In this respect, the discovery of these bodies is quite 
analogous to the detection of rare elements by the methods of spectrum 
analysis. • 

Radium is normally separated with barium by treatment «of the 
radioactive mineral. It can be completely separated from the 
barium by fractional crystallisation of the chloride, or, better still, 
the bromide. In this way, Mme Curie obtained preparations of pure 
radium salts, and determined the atomic weight of radium to be 
226*5. A more recent determination by Honigschmid, using about 
1 gram of radium, gave a value 226. Radium metal has been isolated 
by Mme Curie by electrolysis of the fused salt. The metal is white in 
colour, but rapidly tarnishes on exposure to the air. It^ melts at 
about 700° C. 
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While radium is only one of a large number of radioactive elements 
which appear in the successive transformations of uranium and 
thorium, it possesses a special importance in radioactive work. Not 
only is it readily separated in the pure state, but it gives rise to a 
radioactive gas originally called the radium emanation but later 
named radon, which in turn produces an active deposit consisting 
of radium A, radium B and radium C. Radon and its active deposit 
have proved invaluable in providing convenient and intense sources 
of radiation for the study of the a , p and y rays. Radium itself emits 
only a rays, but in equilibrium with its rapidly changing products is 
a convenient and constant source of ft and y rays. The a rays are 
usually absorbed either in the radioactive material itself or in the 
envelope containing it. 

The discovery of radium gave an impetus to the systematic 
chemical examination of uranium minerals and this soon led to the 
detection of several new radioactive bodies. The most important of 
these are actinium, found by Debiernfr and Giesel, and an active 
form of lead called radiolead by Hoffmann and Strauss. It is now 
known that the active constituent in the latter is radium D, a radio- 
active isotope of lead which is ultimately transformed into polonium. 

Subsequently Boltwood discovered in uranium minerals a radio- 
active element called ionium. This is an isotope of thorium and is 
thus separated with any thorium that may be present in the mineral. 
Ionium is i special interest as it is the direct parent of radium. 
A preparation of ionium, initially freed from radium, is found to 
grow radium at a rapid rate. 

An interesting stage in the study of radioactive substances was 
the proof by Rutherford in 1900 that thorium emitted a radioactive 
“emanation” or gas which could be carried from point to point by 
a current «f air. A similar property is shown by radium and actinium. 
Subsequent researches have shown that these radioactive gases are 
chemically inert and belong to the group of monatomic gases dis- 
covered in the atmosphere. These radioactive gases have proved of 
great interest and, importance in radioactive work. They all give 
rise to an active deposit which can be produced and studied in- 
dependently of the active matter which gives rise to the emanation. 

At this stage, a number of radioactive substances had been found, 
some of which, like uranium and radium, appeared to show a con- 
stant activity and others, like the emanations and their active de- 
posits, lost their activity in a few hours or days. This complicated 
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mass of facts was reduced to order by the application of the trans- 
formation theory advanced by Rutherford and Soddy in 1903. On 
this theory, the atoms of the radio -elements, unlike the atoms of the 
ordinary elements, are not stable but undergo spontaneous dis- 
integration accompanied by the expulsion of an a or ft particle. 
After the disintegration, the resulting atom has physical and chemical 
properties entirely different from the parent atom. It may in turn 
be unstable and pass through a succession of transformations each 
of which is characterised by the emission of an « or p particle. 

These processes may be illustrated by considering the changes in 
radium. At any moment, a number of the atoms, of atomic mass 
226, become unstable and break up with explosive violence, expelling 
an a particle with characteristic speed. Since the a particle is a 
helium atom of mass 4, the resulting atom is lighter than before and 
becomes an atom of a new substan6e radon, of atomic mass 222, 
which is a radioactive inert gas. This in turn breaks up with the 
liberation of an a particle is converted into an atom of a non- 
gaseous element radium A, attd so on through a long series of succes- 
sive transformations. 

The activity of each of these successive products is not permanent, 
but decays with time according to a definite law. The activity I after 
a time t is given by 7// 0 = e~ Xt , where 7 0 is the initial activity and 
A a constant of transformation characteristic of the product. This 
law of decay may be expressed in another form. If A T 0 be the number 
of atoms initially, the number N remaining after a time t is given 
by N/N 0 = e~ Xt , where A is the same constant. In other words, the 
number of atoms which have escaped disintegration decreases 

dN 

exponentially with the time. Since — ^ -- AiV 0 e At A^V, the rate 

of disintegration is proportional to the number of atoms present and 
is equal to this number multiplied by the radioactive constant. This 
law of transformation applies universally to all radioactive products, 
but the constant A is different for each product. The value of A for 
any substance is a characteristic constant independent of all physical 
and chemical conditions. It is, for example, independent of tempera- 
ture, of concentration and of the age of the atoms. If each atom 
has an equal chance of breaking up in a given interval, it is to be 
expected that the number disintegrating per second will be subject 
to the laws of chance and thus undergo fluctuations round the mean 
value. This important question is discussed in § 34. 
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Since N/N 0 = e _Af , the time T to reach half value, sometimes called 
the “period” of the substance, is given by T = 0-693/A. The life of 
an atom, i.e. the time it can exist before transformation occurs, has 
theoretically all possible values from 0 to oo. In practice, however, 
it is convenient to speak of the average life of a large number of 
atoms. This has a definite value which can be calculated. Suppose 
N 0 atoms are present initially. After a time t , the number trans- 
formed in a time dt is A Ndt or A N 0 e~ Xi dt. Each of these atoms has 
a life t , so that # the average life of the whole number is given by 

r oo 

I A te~ xt dt = 1 /A. The average life of an atom is consequently measured 
.'0 

by the reciprocal of the radioactive constant. 

To illustrate the processes of production and disappearance of a 
radio-element, we shall take the simple case of the production of 
radon by radium. The half value period of radium, 1600 years, is so 
long compared with the period of radon, 3-82 days, that we may 
suppose tha f radium is transformed at$pk constant rate during the 
relatively short time — a few days — under consideration. Suppose 
at first + hat the radium has been undisturbed for some time and that 
the amount of radon associated with it has reached an equilibrium 
value. Let P 0 , Q 0 be the number of atoms of radium and radon in 
equilibrium and A x , A 2 their constants of change. In equilibrium 
the number of atoms of radon formed per second from radium is 
equal to the number of radon atoms which break up per second, or 

AiP 0 — X 2 Q {) . Consequently Q 0 ■- ^ P 0 , where Q 0 represents the 

number of atoms of radon in equilibrium with P 0 atoms of radium. 
Suppose now, either by solution or heating, the whole of the radon 
is removed. At the end of a time t y the number of its atoms remaining 
is i*e. Q 0 ( 1 — e-V) have disappeared. Since, however, the 

rate of#the radioactive processes has not been changed by the mere 
removal of the radon, it is clear that to keep up the equilibrium 
quantity Q 0 , Q 0 (1 — e~V) new atoms of radon must have been 
formed by the radirqn in the time t. The amount of radon Q existing 
at a time t with the radium is thus given by Q/Q 0 - 1 — In 
Fig. 1, the decay curve of radon and the recovery curve are shown, 
where T is the period of radon and Q 0 is taken as unity. It is seen 
that the two curves are complementary to one another, the sum of 
the ordinates of the two curves being constant and equal to 1 in 
the figure. This argument applies to all transformations when the 
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parent product has a period long compared with the succeeding 
product. The more formal proof is included in the general theory 
which we shall now consider. 



§3. Theory of successive transformations. The radio-elements 
uranium, thorium and actinium undergo a long series of transforma- 
tions, and it is often important to know the variation with time of 
the quantity or activity of a particular product under given initial 
conditions. 

Suppose that P, Q, R, ... represent the number of atoms of the 
successive elements A , B, C , ... respectively at any time t. Let 
A 1? As, A 3 , ... be the radioactive constants of A, B, C y ... respectively. 
Each atom of A gives rise to one atom of P, one of B to one of (7, and 
so on. The expelled a or p particles are non-radioactive and so do not 
enter directly into the calculation. 

It is not difficult to deduce mathematically the number of atoms 
of A, B, C at any subsequent time if the initial values of P, Q and R 
are given. In practice, however, it is generally only necessary to 
consider three special cases of the theory which correspond, for 
example, to the changes in the active deposit, produced on a plate 
exposed to a constant amount of radon and then removed, (1) when 
the time of exposure is extremely short compared with the period of 
the changes, (2) when the time of exposure is so long that the amount 
of each of the products has reached a steady limiting value, and 
(3) for any time of exposure. 

There is also another case of importance which is practically 
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a converse of Case 3, viz. when the matter A is supplied at a con- 
stant rate from a primary source and the amounts of A, B, G are 
required at any subsequent time. The solution of this can, however, 
be deduced immediately from Case 3 without analysis. 

Case 1. Suppose that the matter initially considered is all of one 
kind A. It is required to find the number of particles P, Q y R,S , ... of 
the matter A , B, C, D, ... respectively present after any time t. 

Then P = P 0 e“*V, if P 0 is the number of particles of A initially 
present. Now dQ, the increase of the number of particles of the 
matter B per unit time, is the number supplied by the change of 
the matter A, less the number due to the change of B into C , thus 


dPjdt - - \P (1), 

dQjdt = \P — X 2 Q (2). 

Similarly dR/dt A 2 Q — A 3 P (3). 


Substituting in (2) the value of P in terms of P 0 , 
dQjdt - AjP 0 e“V - 

The solution of this equation is of the form 


Q = P 0 (ae-V 4- be _/ V) (4). 

By substitution it is found that a ■= A 1 /(A 2 — AJ. 

Since Q - 0 when t = 0, b — — A 1 /(A 2 — A 4 ). 

P A 

Tins. Q " \ (r~V - e~V) (5). 

Substituting this value of Q in (3), it can readily be shown that 

R = P 0 (ae"V -j- &e -A * 4 4- re~V) (0), 

where 


^ A,A 2 . AjA 2 

# (A 2 — Aj) (Aa — Aj) (A t — A 2 ) (A 3 — A 2 ) 

AjA.> 

c “ (A, - \i) (X ; -X)' 

Similarly it can be # shown that 

S — P Q (oe - ^ 4 4- 6e -A * 4 4- C€ -A » 4 4- dt'***) (7), 

where 

a ^1^3 t 

(A 2 — Aj) (A 3 — Aj) (A 4 — A 4 ), (Aj — A*) (A 3 — A. 2 ) (A 4 — A. 2 ) 

c . _ • AjAjjAg j A iAgAg 

(A x — A 3 ) (A a — A 3 ) (A 4 — A 3 ) , (A 4 — A 4 ) (A 2 — A 4 ) (A 3 — AJ 
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The method of solution of the general case of n products has 
been given in a symmetrical form by Bateman*. The amount of 
the nth product N (t) at the time t is given by 


where 


N (t) — -f c 2 e - ^* + ... + c n e- A «< 


. __ AjA 2 ••• ^n-l^o 

1 (A. - A 1 )(A 3 - A,)..: (A n - A x )’ 

, AjA 2 ... A n_iP 0 t 

(Ai ~ A 2 ) (A 3 — A 2 ) ... (A n — A 2 ) 
etc. 


W, 



Fi«. 2 

The variations in the values of P, Q, R , S with time t after 'removal 
of the source are shown graphically in Fig. 2, curves A, B , C and D 
respectively. The curves are drawn for the practical and important 
case of the first four products of the active deposit of radium, known 
as radium A, B, C and D. The matter is supposed to consist initially 
only of radium A. This corresponds to the case of a body exposed 
for a few seconds in the presence of radon. The values of X l9 A 2 , A a 
are taken as 3-79 xlO" 3 , 4-31 x 10~ 4 , 5*86 xlO" 4 (sec.)- 1 respec- 


* Bateman, Proc . Camb. Phil. Soc. 16, 423, H)10. 
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tively corresponding to the half value periods of A, B and C of 
3-05, 26*8 and 19-7 minutes respectively. The half value period of 
radium D is about 25 years. Over the small interval under con- 
sideration in the figure, one may suppose that the atoms of radium 
D suffer no appreciable decrease by transformation. 

The ordinates of the curves represent the relative number of 
atoms of the matter A, B, C and D existing at any time, and the 
value of P 0 , the original number of atoms of the matter A deposited, 
is taken as 100. "Ae amount of matter B is initially zero, and in this 
particular case passes through a maximum about 10 minutes later, 
and then diminishes with the time. In a similar way, the amount 
of C passes through a maximum about 35 minutes after removal. 
After an interval of several hours the amount of both B and C 
diminishes very approximately according to an exponential law with 
the time, falling to half value in both cases in 26*8 minutes. 

Over the interval considered, the amount of D increases steadily 
wi'h time, although very slowly at first. A maximum is reached 
when B and C have disappeared. Finally the amount of D would 
decrease exponentially with the time corresponding to a period of 
25 \ ears. 

Case 2. A primary source supplies the matter A at a constant rate , 
a)( l the process has continued so long that the amount of the products 
A, B. (■. ... has reached a steady limiting value. The primary source 
is then suddedy removed. It is required to find the amounts of A, B, 
C, ... remaining at any subsequent time t. 

In this case, the number n 0 of particles of A, deposited per second 
from the source, is equal to the number of particles of A which 
change into B per second, and of B into C, and so on. This tequires 
the relatioq 

• 7l 0 ~ ^lP 0 “ \lQo ~ A 3 Pq (9)» 

where P 0 , Q 0f P 0 are the maximum numbers of particles of the 
matter A , B and C when a steady state is reached. 

T he values of Q,*R and S at any time t after removal of the 
source are given by equations of the same form as (4), (6) and (7) 
for a short exposure. Remembering the condition that initially 

P = P 0 == Hq /A u 

. Q =* Qo — 2 > 

P = Bq — tyo/Ag, 
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it can readily be shown that 


P = (10), 

«- A (11)i 

R = v 0 (i ae~ V 4- 6e~V 4- re _ V) (12), 


where 

= A 2 A, 

(A*2 — Aj) (A 3 — A x ) (\ — A 2 ) (X 3 — Ao) 

r = ^ 1^2 

A 3 (Ai — A,) (A 2 — A 3 ) 

Similarly for four changes it can be shown that 



S — ?i 0 (ae~* i* 4- 4- ce _A 3 f 4- de~^ 1 ) (13), 

AjA., . AjAg 

— Ai) (A 3 — A x ) (A 4 — A x ) (Aj — A 2 ) (A 3 - A 2 ) (A 4 — A. 2 ) 

A x A 2 1 A|A 2 A 3 

- A3) (A, - A 3 ) (A, - A~)’ " A.) (A, - AJ(A 3 - A 4 ) ’ 


Bateman has pointed out that the solutions for Case 2 can be 
derived from Case 1. This is obvious when it is remembered that the 
amount of C, for example, remaining after a definite interval t is 
made up of (1) supply from A through B , (2) supply from B , (3) part 
of C remaining. Remembering that the amounts of A, B, C initially 
present are n Q /X l , n 0 j A 2 , n 0 /A 3 respectively, the solution can be written 
down with the aid of equations (5) and (6). 

The relative numbers of atoms of P, Q, R existing at any time are 
shown graphically in Fig. 3, curves A , B, C respectively. The number 
of atoms Q 0 is taken as 100 for comparison, and the values of A 1? 
Ag, A 3 are taken corresponding to the 3-05, 26-8, and J 9*7 minute 
changes in the active deposit of radium. It should be pointed out 
that the curves show the variation of A, B and C on removal of a 
body which has been exposed for a long interval to a coTistant amount 
of emanation. The curves are slightly different for the practical 
case where the body is exposed in a decaying source of emanation. 

A comparison with Fig. 2 for a short exposure brings out very 
clearly the variation in the relative amounts of P , Q, R correspond- 
ing to Cases 1 and 2. In Case 2 the amount of R decreases at first 
very slowly. This is a result of the fact that the supply of C due to 
the breaking up of B at first nearly compensates for the breaking 
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up of G. The values of Q and R after several hours decrease ex- 
ponentially, falling to half value in 26*8 minutes. 

A consideration of the formulae for Cases 1 and 2 brings out the 
interesting point that the amount of C ultimately decreases accord- 
ing to an exponential law with the period of 26-8 minutes, which is 



Time tn minutes 
Fig. 3. 

characteristic of radium B and not of radium C. This is an expression 
of a general result that the product of longest period ultimately 
governs the decay curve in all cases. 

Case 3. Suppose that a primary source has supplied the matter A 
at a constant rate for any time T and is then suddenly removed . Re - 
quired tfe amounts of A, B , C at any subsequent time. 

Suppose that n 0 particles of the matter A are deposited each 
second. After a time of exposure T, the number of particles P T 
of the matter A present is given by 

P T = n 0 (l - e-W). 

Jo ^1 

At any time t , after removal of the source, the number of particles 
P of the matter A is given by 

P = P r e~V - ^ (1 - e~ A i r ) e-V (14). 
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Consider the number of particles n^dt of the matter A produced 
during the interval dt. At any later time t , the number of particles 
dQ of the matter J5, which result from the change in A , is given 
(see equation 5) by 

dQ = - ?lt ^I (e~V - e-V) dt = n^t) dt (15). 

After a time of exposure T, the number of particles Q T of the 
matter B present is given by # 

Qt = n 0 [f(T)dt + f(T - dt) dt + + f(0)dt] 

= Ko [ f (t)dt. 

0 

If the body is removed from the emanation after an exposure T r 
at any later time t the number of particles of B is in the same way 
given by 

rT+t 

Q ~ n o J f (t)dt. 


It will be noted that the method of deduction of Qt and Q is 
independent of the particular form of the function / (t). 

Substituting the particular value of f (t) given in equation (15) 
and integrating, it can readily be deduced that 


where 


Q ae~V — 

Q t a — b 

1 - e~ K i T . 1 - e~*i T 

, b = 


In a similar way, the number of particles R of the matter C 
present at any time can be deduced by substitution of the value of 
/ (< t ) in equation (6). 


R ae~ k d 4- 6e~V -f ce~* ** 
R'f o, -f~ b -f- c 


-(17), 


wnere 


a = 


(A-2 — A 2 ) (A3 — Aj) 


(1 - e-W )} 


K 


b (K-K)\k-K) { 1 e ~ hT) ’ 

C = MA, - inA, - A 3 )' (1 “ e "*‘ r) - 


In a similar way the amount of any product may be written down. 
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Case 4. The matter A is supplied at a constant rate from a pribiary 
source. Required to find the number of particles of A, B, C at any 
subsequent time t , when initially A, B, C are absent. 

The solution can be simply obtained in the following way. Suppose 
that the conditions of Case 2 are fulfilled. The products A, B } C are 
in radioactive equilibrium and let P 0 , Q 0 , R 0 be the number of 
particles of each present. Suppose the source is removed. The values 
of P, Q , R at any subsequent time are given by equations (10), (11) 
and (12) respectively. Now suppose the source, which has been 
removed, still continues to supply A at the same constant rate and 
let Pj, Q lt P x be the number of particles of A, P, C again present 
with the source at any subsequent time. Now we have seen that 
the rate of change of any individual product, considered by itself, 
is independent of conditions and is the same whether the matter is 
mixed with the parent substance or removed from it. Since the values 
°f T 0 , Qq , R 0 represent a steady state where the rate of supply of each 
kind of matter is equal to its rate of change, the sum of the number 
of particles A, P, C present at any time with the source, and in the 
matter from which it was removed, must at all times be equal to 
P 0 , Qot that is 

Pi+P=Po, 

Ql + Q = Qq, 

R\ + R = R 0 . 

This must obviously be the case, for otherwise there would be a 
destruction or creation of matter by the mere process of separation 
of the source from its products; but, by hypothesis, neither the rate 
of supply from the source, nor the law of change of the products* 
has been in any way altered by removal. 

Substituting the values of P, Q, R from equations (10), (11), and 
(12), we obtain 



- 1 - (v-v - - a ; ) (i9), 

R 

^ = 1 - K (rte-V + + ce-V) (20), 

etc., 

where a, 6, and c have the values given after equation (12). The 
curves representing the increase of P, Q , R are thus, in all cases, 


RRS 
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complementary to the curves shown in Fig. 3. The sum of the 
ordinates of the two curves of rise and decay at any time is equal 
to 100. 

§ 4. Secular and transient equilibria. The theory of Cases 2 and 4 
has been worked out on the assumption that there is a permanent 
equilibrium between the successive products of transformation. 
This is impossible to realise completely in practice, since the amount 
of every radioactive substance is always decreasing with time. No 
sensible error, however, is introduced when the primary source is 
transformed so slowly that there is no appreciable change in its 
amount in an interval of time required for the later products to 
attain approximate equilibrium with the primary source. This 
condition is very nearly fulfilled, for example, in the case of radium 
and its product radon, where the period of the former is 1600 years, 
and of the latter 3*82 days. The latter approaches its equilibrium 
value very closely after the radon has been supplied continuously 
from the radium for an interval of 2 months. During this time, the 
fraction of the radium transformed is only about 7/100,000, so that 
for the interval under consideration it may be regarded as a constant 
source without sensible error. It is convenient to apply the term 
“secular” equilibrium to this and similar cases. 

Consider next the important case of radon and its products, 
radium A, B and C. A stage of equilibrium between radon and its 
products is reached after the radon has been stored about 5 hours, 
and the amount of each of the products finally decays exponentially 
with the period of radon. This is a case of “transient” equilibrium, 
for the amounts of the products are changing comparatively rapidly. 
The amount of radium A, B or C at any subsequent time is always 
appreciably greater than the amount for secular equilibrium when 
the supply of radon is kept constant. 

Consider, for example, the case of radium C. Using the notation 
oi § 3, the number of atoms S of radium C at any time t is given by 
S -= ae“V + be + ce~ V 4- 

where A,, Aj, A 3 , A 4 are the constants of transformation of radon, 
radium A, B and C respectively. Since the value of A x is much 
smaller than A^ Ag or A 4 , by making t very large only the first term 
becomes important, i.e. when t is large 

.Cf A 1 A 2 A 3 P 0 

(A, - A,) (A, - A,) (A 4 - Aj) 


(21). 
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For the instant t, the amount S 0 of radium C which would be in 
secular equilibrium with the radon is given by 


Consequently Q - 

o 0 


A^e-V = A 4 S 0 . 

A2A3A4 

(A 2 — A x ) (A 3 — Aj) (A 4 — Aj) 


1-0089 


when the values of A are substituted in the equation. 

This shows thgj} the amount of radium C present is 0-89 per cent. 
greater than corresponds to secular equilibrium. For example, 
consider a certain quantity of radon existing alone by itself and an 
equal quantity of radon associated with the amount of radium with 
which it is in equilibrium. The amount of radium C in transient 
equilibrium with the radon in the first case is 0-89 per cent, greater 
than in the latter. Now the y radiation (after passing through 
2 cm. of lead) from radium in equilibrium or from a tube filled with 
radon arises mainly from radium C. If the y radiation from the tube 
containing radon is compared with that due to a standard radium 
preparation through 2 cm. of lead, the amount of radon actually 
present in the tube at the time of observation is obviously 0-89 per 
cent, less than that deduced bv direct measurements of the y ray 
effects. 

in a similar way, it can be shown that the amount of radium A 
and radium B present are 0-054 and 0-54 per cent, greater respec- 
tively than ti.e true equilibrium amount. 

It is clear from these considerations that the decay curve of the 
active deposit after a long exposure to a source of radon stored by 
itself does not follow exactly the theory given in § 3, Case 2, for the 
relative ratios of radium A, B and C above the true equilibrium are 
as 1-00054 : 1-0054 : 1-0089. It is obvious, however, that the differ- 
ences from ftie theoretical curves given in Fig. 3 will be small. 

• 

§ 5. Applications to some practical cases. We shall now con- 
sider a few practical examples to illustrate the application of the 
the ry to follow changes in activity under given initial conditions, 
paying special attention to some cases which are of importance in 
obtaining sources for experiment on the a, ft and y rays. 

iirst consider the changes of activity due to a body which has 
been ' xposed to a constant supply of radon for a sufficient time to 
reach equilibrium. On removal, the active matter consists of radium 
A, radium B and radium C in equilibrium, so that the same number 
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of atoms of each break up per second. The succession of changes in 
the active deposit is shown below. The periods and radiations of the 
products are added. 

a 0+y a + fi + y 

Radium A — >■ Radium B ► Radium C ^ 

3*05 min. 26*8 min. 19-7 min. 

The variation with time of the relative number of atoms of A, B 
and C have been shown in Fig. 3. Radium A emits a rays, radium B 
only and y rays, while, in consequence of theccomplex changes 
occurring in radium C, this product may be supposed for this purpose 
to emit a, ft and y rays. 



Fig. 4. 


The number of atoms P, Q , li of radium A, B and C with con- 
stants A l5 Aj, A a respectively have been given in equations (10), (1 1) and 
(12). The activity measured by the number of a particles emitted per 
second is equal to \P + A 3 P and can thus be calculated. Obviously, 
at the instant of removal, the same number of a particles is emitted 
per second from radium A and from radium C. Taking the total 
number initially to be 100, the decay curves .are shown in Fig. 4. 
The curve A A represents the decay of activity due to radium A 
alone, A + B + C due to radium A and radium 0 together, while 
the curve LL.B -J- C which meets the axis of ordinates at 50, gives 
the a ray activity due to radium C. The activity due to radium C 
alone decays slowly at first, reaches half value in 55 minutes and 
ultimately decays exponentially according to the period of radium B, 
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viz. half value in 26*8 minutes. This is an illustration of the general 
fact that the product of longest period always finally controls the 
rate of decay of the bodies that follow. 

The curve B + G is obviously made up of two components, one 
due to an exponential decay of the radium C present at the moment 
of removal represented by the curve CC , and the other to the fresh 
production of radium C, arising from the subsequent transformation 
of radium B into radium C represented by the curve BB. The 
results would be very different if we measured the change of activity 
by means of the and y rays. Assuming one /3 ray is emitted per 
atom of radium B and of radium C, the number of fi rays per second 
is A 2 Q -f A 3 R. Since, however, the jS rays from radium B and radium 
C vary very widely in penetrating power, the activity measured in 
an electroscope would be proportional to A 2 Q -f KX 3 R, where Q and R 
are given by equations (11) and (12) and K is a constant representing 
the relative ionisation effect in the electroscope of the average 
particle emitted by radium C compared with that emitted by 
radium B. 

A similar argument applies if the decay is measured by y rays. 
The y rays emitted by radium B are on the average much less intense 
and penetrating than the y rays from radium C. Moseley and 
ivlakower showed that if the activity is measured through a lead 
sheH 2 cm. thick, practically ail the y rays from radium B are 
stopped anu the y ray activity falls off according to the amount of 
radium C show n by the curve B -f C in Fig. 4. This is an important 
result, for the y ray effect after passing through 2 cm. of lead affords 
a direct measure of the amount of radium C present. Since the 
penetrating y rays from radium in equilibrium are due to its product 
radium C, the activity of the radium C source can thus be expressed 
in terms of* the y ray activity shown by a given weight of radium 
element in equilibrium. 

Tables of the decay of radium A, radium B, and radium C after a long 
exposure to a source of radon have been given by Meyer and Schweidler 
in their book Radioaktivitat , p. 437 (2nd Edit., Teubner, Berlin). 

If the radium C is at any time separated from the active deposit, 
for example by dipping a nickel plate in a solution of the deposit, 
the activity, whether measured by the a, ft or y rays, decays ex- 
ponentially with a period of 19*7 minutes. 

To illustrate the variation of activity with time, we shall consider 
also the decay of the active deposit due to a very short exposure — 
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a few seconds — to radon. In this case, the a ray activity at the 
moment of removal is due to radium A and subsequently to radium A 
and radium C together. Curve AA, Fig. 5, represents the activity 
due to A which decays exponentially with a period of 3-05 minutes. 
In order to show clearly in the figure the relatively small activity 
due to C , the activity due to A is plotted after an interval of 6 minutes 
when the activity has been reduced to 25 per cent, of its maximum 
value. The activity due to C is proportional to A (equation (6)), 



Fig. 5. 

and in order to represent the activity due to C on the same scale as 
A it is necessary to reduce the scale of the ordinates of eurvj CC in 
Fig. 5 in the ratio \\\. The activity due to C is thus represented 
by urve CC , Fig. 5, and the total a activity by curve A + C whose 
ordinates are the sum of the ordinates of curves A and C. The 
activity due to C passes through a maximum after about 35 minutes. 

If the activity were measured by the y rays through 2 cm. of 
lead, it would follow the curve CC. 

There is another interesting case which has proved of importance 
in experiments to test whether a rays in traversing matter can 
excite penetrating y rays (§111). A quantity of radon is suddenly 
introduced into a closed tube. It is required to find the variation in 
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the amount of radium C for the first few minutes after the introduc- 
tion of the radon. Obviously the amount R t of radium C, after a 
time t , is given by equation (20), where R 0 is the ultimate equilibrium 
value. The rise of activity during the first 10 minutes is shown by 
the curve E in Fig. 6. This corresponds to the rise of y ray activity 
measured through 2 cm. of lead. It is seen that the amount of 
radium C after 4 minutes is less than 1/500 of the ultimate maximum. 
The curve F gives the y ray effect due to both radium B and C 



together under conditions when the absorbing screens corresponded 
to 3 mm. of lead. The effect of the y rays from radium B is most 

markedly sliown in experiments of this kind. 

• 

§ 6. Radioactive products. The elements produced by the succes- 
sive transformations of the three radioactive elements, uranium, 
thorium, and actinium, are given in the following table. In addition 
to the products in the main line of descent, there are several side 
or branch product* produced in relatively small amount to which 
reference will be made later (§§ 7 and 8). In a number of cases, 
indi /idual products have been separated by direct chemical or electro- 
chemical methods ; in other cases by the use of the powerful method 
of radioactive recoil. In the case of uranium, the existence of an 
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Ionium (230) 90 a 7-6 x ’O 1 years 2-9 x 10 -13 3-194 
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t The a rays from radium C have recently been detected and found to l>e complex. The main group of a P?rtick» has a range about 

1 J ... -r-. ... , *1 Iir-n: D A tOQ 011 1030. 1 
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element called uranium II has been inferred from the observed com- 
plexity of the a radiation. In successive columns are given the atomic 
weights and atomic numbers of the elements, the nature of the 
radiation emitted, the time period T required for the element to be 
half transformed, the constant of transformation A, and the range of 
the a rays measured in air at 15° C. and 760 mm. 

The system of nomenclature is not ideal. In some cases inter- 
mediate products have been discovered after a system of nomencla- 
ture has been accepted, and have had to be named to indicate as far 
as possible their positions in the series. As the radioactive emanations 
are now known to be isotopic elements, the names radon, thoron and 
actinon have been suggested as distinctive and indicative of the 
similarity of these products. The successive products following the 
emanations are in all cases denoted by the letters A, B, C, etc. 

It will be seen that the value of T, which is a measure of the 
relative stability of atoms, varies over an enormous range from 
1*65 x 10 10 years (thorium) to 0-002 second (actinium A) and about 
10~ 6 second for radium C' (§ 7). 

The atomic weights of uranium, radium, uranium lead, thorium, 
thorium lead have been determined directly by ordinary chemical 
methods and their atomic numbers by X ray methods. The atomic 
weights and atomic numbers of the others are deduced on the assump- 
tion that the expulsion of an a particle (helium nucleus) of charge 
two units and mass 4 lowers the atomic number of the succeeding 
element by two units and the atomic weight by four. The expulsion 
of a particle raises the atomic number by one unit, but it is not 
supposed to influence the atomic weight to a detectable degree. The 
atomic weight of any member of the actinium series has not been 
directly measured, but recently strong evidence has been obtained 
that the end-product actinium lead has an atomic weight 207 (iride 
§ 8 a) and from this the atomic weights of all the memo© re of the 
series have been deduced. 

§7. Branch products. In the great majority. of cases each of the 
radioactive elements breaks up in a definite way, giving rise to one 
a or /S particle and to one atom of the new product. Undoubted 
evidence, however, has been obtained that in a few cases the atoms 
break up in two or more distinct ways, giving rise to two or more 
products characterised by different radioactive properties. 

It will be seen that a branching of the uranium series was early 
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demanded to account for the origin of actinium. The most striking 
cases of branching occur in the “C” products of radium, thorium 
and actinium, each of which breaks up in two or more distinct ways. 
In the case of radium C, a new substance called radium C" is obtained 
by recoil from a nickel plate coated with radium C. This product 
emits only p rays and has a period of 1-4 minutes. Fajans estimated 
that the amount of the product is only 1/3000 of that of radium C. 
To account for these results the following scheme of transformation 

y 

82 


Radium D — > etc. 

82 

has been pioposed. The periods of transformation and atomic 
numbers are shown in Diagram A, where in the main branch a ft 
particle is first expelled, giving rise to radium C', which emits an 
a particle. The reverse process is assumed to take place in the other 
branch. Radium C', which emits a swift a particle, has an exceedingly 
short period of transformation, which has been measured approxi- 
mately by Jrcobsen, and found to be about 10~ 6 second. It is un- 
certain whether the radium C" branch ends after the expulsion of 
a p particle. The resulting product must be an isotope of lead, like 
radium D in the main branch. The a particles, expelled directly from 
radium C, have not been detected in the presence of the main group 
of longer range particles from radium C'. Their presence lias been 
inferred from the vigour of the recoil of radium C". From the re- 
lation between the range of an a particle and the life of a product 
(§ tjhe range in air of this small group of a particles is estimated 
to be about 4 cm. 

7 q the case of thorium C, two sets of a particles are observed, 
two-thirds of the to£al number having a range of 8*6 cm. and the 
remainder 4*8 cm. Here, as in radium C, Marsden supposed that the 
main series goes by a p ray change to the C' product. The scheme of 
changes is seen in Diagram B. 

A similar scheme of dual transformation, Diagram C, is assumed 
to account for the emission of two groups of a particles by ac tini um C. 
99*7 per cent, of the C atoms emit a particles of range 5*1 cm., and 



Diagram A. 



30 


BRANCH PRODUCTS 


the remaining 0*3 percent, goes to C', which gives particles of range 
6*4 cm. It is of interest to note that, while in both radium C and 
thorium C the ft ray branch predominates, in actinium C the reverse 
holds and most of the atoms follow the a ray branch. 


Thorium C 



Thorium C" 
81 


Thorium C' 

84 

Diagram B. 
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Thorium Lead 
82 


Actinium C 



Actinium C* 
81 


Actinium C' — 
84 

Diagram C. 


» Actinium Lead 
82 


82 


Subsequent research has shown that the modes of transformation 
of the “C” bodies, including the dual transformations, are even 
more complicated than was at first supposed. Radium C in addition 
emits one group of a particles of range about 9-1 cm., comprising 
about 1/30,000 of the main group, and possibly a still smaller group 
of range 11*3 cm. Similarly thorium C emits a group, about 1/10,000 
of the total, of range 11*7 cm., and another smaller group of range 
9*9 cm.* A more detailed account of our knowledge of these groups 
of “long range” particles will be given in § 20, together with a 
discussion of their origin. There seems to be no doubt that these 
long-range particles are true a particles of mass 4 which arise from 
the transformation of the radioactive atoms. It was at one time 
thought possible that these particles might arise from the artificial 
disintegration of the nitrogen or oxygen atoms in the path of the 
a particles, but careful observation by Rutherford and Chadwick 
negatived this supposition. It seems probable that the emission of 
these groups of long-range particles is connected with different 
modes of disintegration of the “C” bodies. 

The emission of these groups of swift a particles is of great interest 
not only in giving us evidence on the intensity of the atomic ex- 
plosions in certain atoms, but in indicating that all atoms do not 

♦ Recent experiments have shown that the a rays from Thorium C itself are 
remarkably complex. See footnote, p. 47. 
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break up in identical ways. It will be seen (§65) that the presence 
of these groups of long-range particles has to be taken into account 
in experiments on the artificial disintegration of the elements when 
radium C and thorium C are used as sources of a rays. * 

§ 8 a. Branch products of uranium series and origin of actinium. 

It seems clear that the main line of transformation of the uranium 
series is given by the scheme below : 

a * ft ft a a a 

U I — ► UXj — UXo — ► UII — Io — ^ Ra — ► .... 

92 90 91 92 90 88 

In addition to these, however, two other products whose origin is 
uncertain have been separated from uranium, called uranium Y 
and uranium Z. In 1911, Antonoff observed a new ray product 
which is half transformed in 24-6 hours, which he named uranium Y 
(U Y). It seems clear that this product which emits soft /3 rays is 
of atomic number 90, isotopic with uranium X x and thorium and exists 
in only about 3 per cent, of the equilibrium amount to be expected 
if it were in the direct line of descent. Either therefore uranium Y 
is a branch product at some point of the uranium series, or arises 
frim sour' unknown radioactive isotope of uranium. It has been 
suggested that uranium Y is a branch product of uranium I or II 
and i° the head of the actinium series. The amount of uranium Y 
is of the right order of magnitude to fit in with this view. 



Diagram D. 


E-anium Z, discovered by Hahn in 1921, is a product of very 
weak activity which emits easily absorbed /3 rays and is transformed 
with a period of 6*7 hours. It is estimated that the amount of this 
product is only about 0*35 per cent, of that to be expected if it were 
in the main line of descent in the uranium series. In chemical pro- 
perties, it behaves like an element of number 91 and is thus isotopic 
with protactinium. The proportion U Z to U Xj is always constant 
in old U Xj preparations. The exact origin of U Z is uncertain. It 
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may be either a branch product of UX 1( in which case the scheme 
of dual transformation is shown in Diagram D, or it may be one of 
the products of an unknown isotope of uranium of weak activity. 

The origin of actinium and of its parent protactinium has always 
been a question of great interest and importance and it is still 
unsettled. Boltwood early showed that in uranium minerals the 
quantity of actinium was always proportional to the amount of 
uranium, indicating that a genetic relation existed between them. 
On the other hand, the activity of actinium with its whole series of 
a ray products in a uranium mineral is much less than that shown 
by a single a ray product of the radium series. The discovery of the 
new product uranium Y led to the suggestion that it might prove 
to be the head of the actinium series, for it was present in about 
the required amount. On this view, the more recently discovered 
product protactinium is the missing link between uranium Y and 
actinium. On the other hand, it has also been suggested that actinium 
has its ultimate origin not in a branch product of the uranium series 
but in an isotope of uranium existing in small relative amount. It 
is, however, very difficult to reach a definite decision on these points 
with the data at present available. Much light may be thrown on 
this question if it proves possible to purify either actinium or pro- 
tactinium in sufficient quantity to determine its atomic weight with 
accuracy. This seems likely to be done for protactinium in the near 
future, for it exists in uranium minerals in quantity comparable 
with that of radium and chemical methods of purification have 
already been devised. When the atomic weight of protactinium 
is known, the atomic weight of all other members of the actinium 
series can at once be deduced from a knowledge of the radiations 
emitted by each product. 

% 

§ 8 b. Important new evidence on the problem of the origin of 
actinium has been recently obtained by Aston ( Nature , March 2, 
1929, p. 313), by examining with a mass-spectrograph the isotopic 
constitution of lead obtained from a uranium mineral. A sample of 
lead, separated by Mr Piggot of Washington from the radioactive 
mineral Norwegian broggerite, was compared with the spectrum of 
ordinary lead. The mass spectrum of the lead from the mineral 
showed a strong line 206, a faint line 207, and a still fainter line 208. 
The line 206 is no doubt due to uranium-lead, but the line 207 cannot 
be due to the presence of ordinary lead as an impurity or to thorium- 
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lead, for in the mass spectrum of ordinary lead the line 208 is about 
twice as strong as 207. Aston concludes that the line 207 must be 
in part due to the end-product of the actinium series, actinium-lead. 
This, if correct, fixes the atomic weight of all the members of the 
actinium series. Since six a particles are expelled in the transforma- 
tion of protactinium into actinium lead, the atomic weight of 
protactinium should on this view be 231. The atomic weights of the 
actinium series, given in the table of the radioactive elements, have 
been calculated on this basis. The evidence indicates that protactinium 
mast arise from an isotope of uranium. The simplest assumption to 
make is that this isotope, number 92, which will be termed actino- 
uranium, has a mass 235, and is transformed by the emission of an 
a particle into a ft ray product of number 90 which gives rise to 
protactinium. The j8 ray product is probably to be identified with 
uranium Y. 

It was not found possible to measure the relative intensity of the 
isotopes with accuracy. Aston estimates that if the line 206 be taken 
as 100, the intensity of 207 is 10-7 ± 3 and of 208 is 4-5 ±2. In a 
following letter ( Nature , loc. cit.) Rutherford estimates that if the 
intensity of the line 207 is taken as 7 per cent, of the line 206, the 
haK period of transformation of the new isotope is 4*2 x 10 8 years 
and that the act ino- uranium is present in only about 0*28 per cent, 
of the main u anium isotope — a quantity too small to have much 
influence on the atomic weight of uranium as ordinarily measured. In 
order to draw definite conclusions, more accurate data are required 
on the relative amounts of the isotopes of lead in old uranium minerals. 
A determination of the atomic weight of protactinium will afford a 
crucial test of the general correctness of this new method of attack. 

§ 9. The radio-elements and the Periodic Law. The great 
majority* of the radio-elements exist in such minute quantity that 
it is impossible to obtain a weighable amount for an ordinary chemical 
analysis. In the case of radium, however, a sufficient quantity ha a 
been separated in a pure state to examine its chemical properties 
in detail, and to determine its atomic weight and spectrum. Not- 
withstanding the minute amount of the rapidly decaying elements, 
it was >ound possible in a number of cases to compare their chemical 
properties with those of the ordinary elements, using the activity of 
the radio-element as a method of quantitative analysis. Certain 
striking facts soon emerged. McCoy and Ross found that it was 
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impossible to separate by chemical methods radiothorium from 
thorium. Later Soddy and Marckwald found in a similar way that 
radium and mesothorium were inseparable, while as the result of 
extensive investigations it has been found impossible to isolate 
radium D from the lead with which it appears in the analysis of a 
uranium mineral. 

These results indicated that, in certain cases, the chemical pro- 
perties of two elements were so closely allied «that no chemical 
method was effective in producing the least degree of separation. 
Soddy concluded that such inseparable elements must occupy the 
Same position in the periodic table of the elements and gave them 
the name of <k isotopes. ” It will be seen that a number of such 
isotopes occur among the radio-elements. From these results, it 
seemed probable that some of the ordinary elements consisted of 
a mixture of isotopes of different atomic weights and this con- 
clusion has been completely established in recent years by the re- 
searches of Aston. We now know that a number of elements consist 
of a mixture of two or more isotopes which differ in mass but have 
nearly identical chemical and physical properties. 

It was early pointed out by Soddy that there appeared to be a 
connection between the radiation emitted from a radio-element and 
the chemical properties of the succeeding element. In a number of 
cases, the expulsion of an a particle causes a change in the position 
oi the radio-element in the Periodic Table by two places in the 
direction of diminishing mass. For example, the expulsion of an 
a particle from radium, which belongs to group II of the Periodic 
Table, gives rise to radon, a radioactive inert gas belonging to the 
group 0. It was not, however, until the main sequence of trans- 
formations had been unravelled, and the chemical and eketro- 
chemical behaviour of many of the elements had beeil investigated 
by Fleck and Hevesy, that a relation of extraordinary simplicity 
was seen to connect the chemical properties of an element with the 
radiation emitted from the parent product. This law, known as the 
displacement law , was enunciated almost simultaneously by A. S. 
Russell and in more detail by Soddy and Fajans. The expulsion of 
an a particle causes the element to shift its position in the Periodic 
Table by two places in the direction of diminishing mass. The ex- 
pulsion of a fi particle causes a shift of one place in the opposite 
direction. This simple rule has been found of universal application 
to all the series of radioactive elements. 
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This generalisation can be looked at from another point of view 
based on the conception of the nuclear atom. The radioactive 
changes occur in the nucleus of the atom which carries a charge 
represented by its atomic number. The loss of an a particle, which 
carries two positive units of charge, from the nucleus, lowers its 
nuclear charge, i.e. its atomic number, by two units and its mass by 
four units. The expulsion of a particle which carries a unit negative 
charge has the effect of lowering the nuclear positive charge by one 
unit but does not sensibly alter the mass. For example, U I of 
atomic mass 238 and atomic number 92 by loss of an a particle 
changes into U X 3 of mass 234 and number 90. By loss of a j8 particle 
this changes into (J X 2 of mass 234 and number 91, and again by loss 
of a fi particle into U II of mass 234 and number 92. Expressed in 
another way, an a ray change followed by two ray changes results 
in * n element of the same number and nuclear charge as the first. It 
is seen that U I and U II, wh.' h have the same nuclear charges but 
different im are isotopic elements. This conclusion is confirmed by 
our inability to separate these two elements by chemical methods. 

The displacement law as well as the change of atomic number with 
th', radiation it. clearly illustrated on page 36. An arrow in the 
downward direction represents an a ray transformation and an 
arrow doping upwards a jS ray transformation. The atomic numbers 
81, 82, 83 are represented by the ordinary non -radioactive ele- 
ments Tl, Fb, BI respectively. All elements in the same horizontal 
column are isotopic and are thus inseparable chemically, although 
they may differ markedly in their radioactive properties. This is not 
unexpected, since the ordinary chemical and physical properties of 
an atom apart from its mass are determined by the arrangement of 
the outer electrons which are controlled by the charge on the nucleus. 
The instability of a nucleus which determines its radioactive be- 
haviour te, however, dependent on the structure of the nucleus which 
may be very different for atoms of the same nuclear charge but 
different masses. 

It is seen that there are many isotopic elements corresponding to 
atomic numbers from 82 to 92 inclusive, wdth the exception of the 
numbers 86, 87, which are not represented by any known elements. 
Each cf these groups of isotopic elements should show identical 
physical and chemical properties apart from mass. Even the spectrum 
should be nearly identical with the exception of a minute change of 
frequency of some lines due to the difference of mass of the nucleus. 
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Description of Diagram. 

Change of atomic number in the radioactive transformations. 
Elements in the same horizontal column are isotopic. 
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When the types of transformation are known, we can at once 
write down not only the atomic number of the element but also its 
atomic weight. For example, uranium of atomic weight 238, after loss 
of three a particles of total mass 12, changes into radium of known 
atomic weight 226. After loss of three a particles radium changes into 
radium B, an isotope of lead of atomic weight 214, and so on. 

In the scheme of radioactive changes outlined above, the end 
products of the umnium, thorium, and actinium series should be of 
atomic number 82 and thus be isotopes of ordinary lead. Since 
uranium lead arises from radium 226 which has lost five a particles, 
the atomic weight of uranium lead should be 206. Similarly the 
atomic weight of thorium lead should be 208. If these views be 
correct, the lead formed in old primary uranium minerals should have 
a lower atomic weight (206) than ordinary lead (207), while thorium 
lead in minerals should be higher, viz. 208. These conclusions have 
been completely confirmed by direct analysis of uranium and thorium 
lead by Richards, Honigschmid, Soddy and others. It is of interest 
to note that this is the only occasion where any isotope of a complex 
element h<^ been found isolated in nature. No difference in average 
atomic weight has been detected for any of the ordinary elements, 
although the material may be obtained from widely different sources. 

We have seen (§ 8 a) that, an examination of the isotopes of lead 
fiom a uranium mineral indicates that actinium lead has an atomic 
weight 2<)7 and exists in small quantity compared with ordinary 
uranium lead (206). Aston has also determined the isotopic con- 
stitution of ordinary lead, and has found the following isotopes: 
206 (4), 207 (3), 208 (7), and probably 209 and others in small pro- 
portion. The numbers in brackets give the approximate relative 
intensity of the photographic bands. It is clear from these results that, 
while the atomic masses 206 and 208 are predominant, the isotope (207) 
is relatively much too intense to be ascribed entirely to actinium lead. 
It is unlikely therefore that ordinary lead in nature is derived entirely 
from the transformation of uranium, thorium and actinium. 

H will be seen, frotn the brief account given above, that the pro- 
perties of the radio-elements are connected in an exceedingly simple 
way with the nature of the radiations emitted during their trans- 
formation. This simplicity is connected with the fact that the a and 
P particles originate in the nucleus of the atom. The displacement rule 
in its general form affords very convincing evidence of the correctness 
of the modern conception of the nuclear constitution of the atom. 
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THE a RAYS 

§ 10a. Comparison of the radiations. All the radioactive substances 
possess in common the power of acting on a photographic plate and 
of ionising the gas in their immediate neighbourhood. The intensity 
of the radiations may be compared by means of their photographic 
or electrical action, and in the case of the strongly radioactive 
substances by the luminosity excited in a phosphorescent screen. 

Two general methods have been used to distinguish the types of 
radiation given out by a radioactive matter depending upon 

(1) a comparison of the relative absorption of the rays by solids 
and gases, 

(2) observations on the direction and magnitude of the deflection 
of the rays when exposed to the action of strong magnetic and 
electric fields. 

Examined in this way, it has been found that there are three 
distinct primary types of radiation emitted from radioactive bodies 
which for brevity and convenience have been termed the a (alpha), 
ft (beta), y (gamma) rays. 

(1) The a rays , which are very readily absorbed by thin metal foil 
or by a few centimetres of air, consist of a stream of positively charged 
atoms of helium, initially projected from the radioactive matter with 
high velocity, which varies for different substances between 1*4 x 10* 
and 2*2 x 10 8 cm. /sec. Normally the a particle at the moment of 
its expulsion carries two positive charges and is to be identified with 
the nucleus of the helium atom. 

(2) The ft rays , which are on an average far more pene bating in 
character than the a rays, consist of a stream of electrons projected 
from the active matter with a wide range of velocity and energy. 
The average velocity of the ft particle is in general about ten times 
greater than that of the a particle, and in some substances ft rays 
are liberated with a velocity closely approaching that of light and 
with an individual energy of the same order of magnitude as the 
a particle. They are far more readily deflected by magnetic fields 
than the a particle and are identical in type with the cathode rays 
produced in a vacuum tube. 
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(3) The y rays are extremely penetrating and are not deviated by 
either a magnetic or electric field. They constitute a type of electro- 
magnetic radiation like X rays, but in general have a much higher 
frequency of vibration and are far more penetrating than the X rays 
produced in an ordinary discharge tube. The y rays from a radioactive 
product give a line spectrum corresponding to a number of discrete 
frequencies in the emitted radiation. 

The types of radiation emitted from radioactive matter thus present 
a very close analogy with the kinds of radiation produced by the 
electric discharge through a gas at low pressure. The a rays are 
analogous to the “canal” or “positive” rays which consist of 
positively charged atoms ^or molecules of matter moving with high 
speed. The ft rays are identical with the cathode rays, while they rays 
correspond to X rays. It should be pointed out, however, that while 
the “positive” rays in the discharge tube are produced by the action 
of the electric field or other agencies in removing one or more of the 
outer electrons from the atoms or molecules, the a rays, which are 
simply helium nuclei, are spontaneously expelled from the nucleus 
of the atom . In a similar way, much of the ft and y radiation observed 
has its origin in the radioactive nucleus and not in the outer electronic 
distribution of the atom. 

Of th<* three types of rays, the a rays produce most of the ionisation 
in the gas and the y rays the least. For example, using a thin layer 
of a r.tdium compound spread on the lower of two parallel plates 
5 cm. apart, the amount of ionisation due to t lie a, ft, and y rays is 
of the relative order 10,000, 100 and 1. These numbers are only rough 
approximations and the differences become less marked as the 
thickness of the radioactive layer is increased. Since each type of 
rays from radioactive substances is usually complex and consists of 
radiations which are absorbed to an unequal extent, it is difficult to 
give an Accurate comparison of the relative penetrating power of the 
three types of rays. As a rough working rule, it may be taken that 
the ft rays are about 100 times as penetrating as the a rays, and the 
y rm r s from 10 to 100 times as penetrating as the ft rays. 

It is often convenient to know what thickness of matter is sufficient 
to absorb a specific type of radiation. A thickness of -006 cm. of 
aluminium or mica or a sheet of ordinary writing-paper is sufficient 
to absorb completely all the a rays. With such a screen over the 
active material, the external effects are due only to the ft and y rays, 
which pass through with a very slight absorption. Most of the ft rays 
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are absorbed in 5 mm. of aluminium or 1 mm. of lead. The radiation 
passing through such screens consists very largely of the y rays. 
As a rough working rule, it may be taken that a thickness of matter 
required to absorb $ or y rays is inversely proportional to the density 
of the substance, i.e. the absorption is proportional to the density. 
This rule holds approximately for light substances, but, in heavy 
substances like mercury and lead, the y radiations are more readily 
absorbed than the density rule would lead us to expect. 

It is difficult to make quantitative or even qualitative measure- 
ments of the relative intensity of the three types of rays from active 
substances. The three general methods employed depend upon the 
action of the rays in ionising the gas, in acting on a photographic 
plate, and in causing phosphorescent or fluorescent effects in certain 
substances. In each of these methods the fraction of the rays which 
is absorbed and transformed into another form of energy is different 
for each type of ray. Even when one specific kind of ray is under 
observation, comparative measurements are rendered difficult by the 
complexity of that type of ray. For example, the rays from radium 
consist of negatively charged particles projected with a wide range 
of velocity, and, in consequence, they are absorbed in different 
amounts in passing through a definite thickness of matter. In each 
case, only a fraction of the energy absorbed is transformed into the 
particular type of energy, whether ionic, chemical, or luminous, which 
serves as a means of measurement. 

§ 10 b. The a rays. After the discovery of radioactivity, attention 
was at first directed to the £ rays on account of their great penetrating 
power and their marked action on a photographic plate, and in pro- 
ducing phosphorescence in certain substances. Towards the end of 
1899, at an early stage in the history of radioactivity, the ft rays 
were found to be easily deflected by a magnetic field, and it was 
correctly concluded that the f3 rays consisted of a stream of nega- 
tively charged electrons projected at high speeds from the radio- 
active matter. Some of the particles were much more easily bent 
than others, indicating that the rays from a radium preparation 
were expelled over a wide range of speeds, the velocity of the swifter 
particles approaching that of light. This complexity of the £ rays from 
radium was later used by Kaufmann and Bucherer to show that the 
mass of the electron was not constant but increased rapidly as the 
velocity of the electron became comparable with the velocity of light. 
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In comparison with the jS rays, the a rays were at first little 
studied, for a magnetic field which easily bent the p rays had no 
noticeable effect on the a rays. Certain peculiarities in the ab- 
sorption of the a rays by matter suggested that they might consist 
of massive projected particles. If the particles carried an electric 
charge, they should be deflected in passing through a strong magnetic 
or electric field. This was difficult to test until active preparations 
of radium were available so that narrow but intense beams of radia- 
tion could be used. Using an ionisation method to detect the rays, 
Rutherford showed in 1903 that the a rays from radium were de- 
flected both by a magnetic and electric field, as if they were posi- 
tively charged particles projected with great velocity. If particles 
each of mass M and charge E , moving with a velocity u , are acted 
on by a magnetic field, the value MujE can be measured. By ob- 
serving the deflection in a strong electric field, the value Mu 2 /E is 
de termined. From these two observations, the value EjM of the 
particles and the velocity v can be deduced. In this way it was 
estimated that the a particles had a velocity u = 2*5 x 10 9 cm. /sec. 
and a value E/M = 6000 electromagnetic units. This result was soon 
confirmed by Des Coudres with the photographic method, using pure 
radium bromide as a source of rays. The value E/M = 6400 was 
obtained. Later Mackenzie found for radium rays a value of 
EjM 4600 and Huff for polonium rays a value 4300. 

These results showed that the a particles were of atomic mass 
comparable with that of the hydrogen atom. The value ejm for the 
hydrogen atom is 9643, indicating that if the a particle carried the 
same charge its mass should be about twice that of the hydrogen 
atom. 

In these experiments, the radioactive sources emitted a particles 
over a wide^ange of velocity, so that only an approximate estimate 
could ht made of the average velocity and the value EjM. In the 
meantime, it became of great importance to fix the value E/M of 
the a particle with precision. It had been suggested that helium, 
winch is always found associated with radioactive minerals, might 
be a product of the transformation of radioactive bodies, and the 
value of E/M observed for the a particle was of about the magnitude 
to be expected if it were a helium atom carrying two positive charges, 
for which E/M should be 4826. It wfill be seen that the identity of 
the a particle with the helium nucleus w r as finally established by 
several methods, winch will be referred to later, but at this point 
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we shall pass on to the development of experimental methods to 
determine the value of E/M with the necessary precision to settle 
this very important question. Greater accuracy was obtained by 
making use of homogeneous sources of a rays. The most convenient 
source for this purpose is a platinum wire which has been exposed 
for several hours to a strong source of radon. It becomes coated with 
an invisible active deposit containing the products radium A, radium 
B, radium C. When the wire is removed, the radium A rapidly dies 
away and the a ray activity is then due to the product radium C, for 
radium B emits only ft rays. The a rays from such a radium C source 
are nearly homogeneous, having a range in air of about 7 cm.* The 
magnetic deflection of the a rays from such a source in a vacuum is 
most conveniently determined by the photographic method in an 



apparatus shown in Fig. 7. The rays from the active wire A pass 
through a narrow slit B parallel to the wire, and fall on the photo- 
graphic plate PP. A carrier on which is mounted the source, slit, and 
plate is placed in an exhausted vessel between the pole pieces of a 
large electromagnet so that the magnetic field is uniform between 
A and P and parallel to the slit. The electromagnet is excited by a 
constant current, which is reversed at intervals. For a distance 
between source and photographic plate of about 10 cm., two well- 
defined bands are observed on the plates if the strength of the 
source corresponds in y ray activity to several milligrams of radium. 
If p is the radius of curvature of the circular ‘arc described by the 
rays in a field of strength H , then Hp = Mu/E, where u is the velocity 
of the rays. If 2 d — distance between centres of two bands obtained 

* The a rays of range 7 cm. originate not from radium C itself but from the subse- 
quent branch product radium C' which has a very short average life. As radium C' 
always accompanies radium C and is in equilibrium with it, it is found convenient in 
practice to use the term radium C rather than radium C + O' or radium O'. 
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by reversal of the field, a = distance between source and slit, 
b = distance between slit and plate, then, if d is small, 

2 pd = a (a + b). 

If d is comparable with a or 6, the correct value of p is given by 

P* * * § ^±(b i + dt) (iTb i + d * ) . . 

In this way, Rutherford and Robinson * made an accurate deter- 
mination of the deflection of the a rays from radium C and found 
a value Mu/E = 3-983 x 10 s , where E is measured in electromagnetic 
units. Special precautions were taken to determine the magnetic 
field and its variations over the path of the rays. For a = 6*540 cm., 
b = 6-618 cm., the deflection 2 d — 13-63 mm. for an effective field 
of 6236 gauss. 

Another determination of this important constant has been made 
recently by Briggsf, who found a concordant value of lip— 3-993 x 10 5 . 
Special precautions were taken to ensure the constancy of the field 
during the experiment, and to measure its strength; the result is 
believed to be correct to 1 in 1000. 

It seems clear that the majority of the particles are projected 
fn m ra hum C with identical speed. This can best be tested by using 
a very thin pencil of the a rays and obtaining a deflection of 
several < entiirutres in a magnetic field, and comparing with a micro- 
photometer the width of the deflected and undeflected pencil on a 
photographic plate. In this way, Briggs showed that the velocity of 
the main group of a particles was constant within 1 in 1000. I. Curie J 
carefully examined the a rays of polonium and found them homo- 
geneous within the limit of measurement 1 in 1000. It thus seems 
probable th%t a particles from all products are homogeneous in 
velocity^ 

A determination of the electric deflection of the a rays from 
radium C was made by Rutherford § by passing the rays in a vacuum 
between two parallel plates kept at a constant difference of potential. 
The deflection was small under the experimental conditions and 
difficult to measure with accuracy. A value EJM = 5070 was 

* Rutherford and Robinson, Phil. Mag. 28, 552, 1914. 

t Bi ggs, Proc. Boy. Soc. A, 118, 549, 1928. 

t I. Curie, Ann. de physique , 3, 299, 1925. 

§ Rutherford, Phil. Mag. 12, 348, 1906; also Rutherford and Hahn, Phil. Mag. 
12, 371, 1906. 
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obtained. About the same value of E/M was found for the a particles 
from a number of other radioactive products. 

In 1914, Rutherford and Robinson* made a new series of 
measurements of the electric deflection of the a rays. For precise 
measurements, it was necessary to obtain a total deflection of the 
a rays of the order of about 1cm., under conditions when all 
the quantities involved could be measured with precision. With 
the steady voltage available, about 3000 volts, this could only be 
obtained by observing the deflection of the rays at a distance of 
about 1 metre from the source. Under these conditions, the photo- 
graphic effect due to a very active wire coated with rqdium C 
would be too small for detection. To overcome this difficulty the 
source finally employed was a thin-walled a ray tube filled with a 



Fig. 8. 


large quantity of radon. The apparatus employed for the electro- 
static deflection is shown in Fig. 8. The electric field was applied 
between two silvered strips of plate glass AA, each 35 cm. long, 
2*5 cm. wide and 1 cm. thick, which were held 4 mm. apart by 
ebonite stops. The a ray tube S was supported centrally near one end 
of the glass plates. At the other end of the plates was a Ynica slit 
1/6 mm. wide. The apparatus was placed in a large* glasi tube, 
closed at the ends by ground glass plates. The photographie’plate P, 
w %ped in aluminium leaf to protect it from light and from the 
glow of the source, was fixed to the glass end plate 50 cm. from the 
slit and 85 cm. from the source. Electrical contacts to the plates 
were made by metal springs passing through ground joints in the 
side of the tube. The path of the rays from the slit to the photo- 
graphic plate was shielded from the stray electric field by a long 
metal cylinder closed at the end next the slit except for a narrow 
opening for the passage of the rays. 

* Rutherford and Robinson, Phil. Mag. 28, 552, 1914. 


Filj lMmto^raphie reinitiation of a panicle with lint herford-t ;rn:er rount< r and 
‘ stMn - tiomrtcr. I hr upper rr« ord » ot responds to thr entiam r of part a h^ at 
a i at r of (><M> per minute into thr counter, the lower to a rate of put) prr minute 



]%'. 1. r l hr upper record shows the registration of particles with the (Jelger point 
counter, the lower the registration of u particles. 
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After the source and the photographic plate had been fixed in 
position, the vessel was rapidly exhausted and a constant potential 
difference of about 2000 volts was maintained between the plates 
by a battery of small cells. The exposure was usually about 6 hours 
for a tube containing 150 millicuries * of radon. An enlarged photo- 
graph showing the electrostatic deflection of the a rays is shown in 
Plate I, fig. 1. The central band is the result of the direct action of the 
rays before the application of the field, while the three bands on each 
side show the traces produced on reversal of the field by the a rays 
from radium C, radium A and radon respectively. The inner bands are 
due to the a rays from radium C, which have the highest velocity. 
It will be seen that the inside edges of the bands are very sharply 
defined. This peculiarity, which was of material assistance in 
making accurate measurements, can be readily explained by taking 
into account the fact that the rays which make up the band 
travel through different thicknesses of glass in escaping from the 
radon tube. Thus rays emitted at a certain angle with the central 
line passing through the source and slit suffer a minimum deflec- 
tion. There is consequently a concentration of the radiation at the 
inner edge of the band due to this lens -like action of the radon 
tuh~. 

It will be seen that the outer edges of the band are not sharp. This 
is not due to any lack of homogeneity of the rays on emission from 
the radioactive matter, but results from the fact that the rays 
escaping from near the edge of the tube pass through a greater 
thickness of glass than those escaping near the centre and are 
thus reduced in velocity. This broadening of the bands is clearly 
seen in the original photographs and is especially marked for 
the radon and radium A bands owing to the lower velocity of the 
a particles. • 

In order to avoid any correction for the reduction of velocity of 
the a rays in passing through the glass walls of the a ray tube, the 
mag> otic deflection of the a rays was measured for the same source. 
Special care was taken to determine with accuracy the intensity of 
the magnetic field, and its variation along the path of the rays. The 
photograph of the magnetic deflection is shown in Plate I, fig. 2. It will 
be nOtiood that the separation of the bands is less marked than for 

* Tho amount of radon in equilibrium with one gram of radium element is called 
a “curie” in honour of the discoverers of radium. A millicurie (1/1000 curie) is the 
amount of radon in equilibrium with one milligram of radium. 
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the electrostatic deflection, a result to be expected since the magnetio 
deflection is proportional to 1 /u, while the electrostatic deflection is 
proportional to l/u 2 , where u is the velocity. 

From the combined observations of the deflection in the magnetio 
and electrostatic fields, the values of EjM and u for each group of 
rays can be deduced. The results obtained from two distinct experi- 
ments are shown in the following table. 


Exp. 1. Voltage 1435. Stopping power of glass tube 2-00 cm. of air. 
Exp. 2. Voltage 1958. Stopping power of glass tube 2-00 cm. of air. 


Source of 
a rays 

Exp. 

Mu/K 

Mu*jE 

E/M 

1 

Radium C 

1 

3-555 < 10 5 

6-083 x 10“ 

4813 


2 

3-555 > 10* 

6-110x10“ 

4820 1 

Radium A 

1 

2-941 x 10 5 j 

4-174 *.10“ 

4824 I 


2 

2-941 'v 10 5 

4-185 < 10“ 

4837 

Radon 

1 

2-717 10 s i 

3-560 ■ 10“ 

4822 ! 


2 

2-717 :■ 10 5 j 

3-563 10“ 

4820 j 


The values of EjM for radium C, radium A and radon are seen to be 
in close accord. The final results for radium C, which can be deter- 
mined with most accuracy, gave a mean value E/M = 4820, while 
the calculated value is E/M = 4826 for the doubly charged helium 
atom of radium C*. Within the probable error of experiment, about 
1 in 400, it is seen that the value of EjM for the a particles from the 
three products agrees with the value for the helium atom. We may 
thus conclude with certainty that the a particles are helium nuclei 
carrying twcr unit charges expelled at high speed from the dis- 
integrating a tote. 

All the evidence, both direct and indirect, shows that the a rays 
from all radioactive substances are identical in mass but vary only 
in the velocity of their emission. As far as observation h*as gone, 
.he a particles from each product are initially expelled with an 
identical velocity characteristic for each product. It will be seen 
(§ 22) that the a particles diminish in velocity in traversing matter. 
Consequently the a rays from a thick layer of radioactive material 
have all velocities between zero and the maximum. It is only by 
using thin films of radioactive matter that homogeneous pencils of 
a rays can be obtained. 


* See Briggs, Proc. Roy. Soc. A, 118, 549, 1928. 
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§ 10 c. Velocity of emission of rays. It has been shown that for 
the a particles from radium C, the magnetic deflection gave a value 
Mu/E = 3*985 x 10 5 . 

Taking E/M = 4826, 

u = 1*922 x 10 9 cm./sec., 

or about 1/16 of the velocity of light. 

We have seen that a recent accurate determination by Briggs 
(i loc . cit.) gives 

Hp = Mu/E = 3*993 x 10 5 

for the a particles from radium C. Taking Aston’s value 4*00216 as 
the mass of the helium atom, the mass of the doubly charged helium 
atom or helium nucleus is 4*00107 at slow speeds. Taking the Faraday 
as 9649*4 and making the relativity correction for the mass of the 
a particle, the value E/M = 4813 for the fast a particle under the 
conditions of measurement. Th : s gives a value u = 1*922 x 10 9 cm./sec., 
agreeing with that deduced above on less accurate data. 

In addition to the main group of a particles of range 7 cm. in air, 
radium C also emits a small number of a particles of range 9*3 cm. 
These constitute such a minute fraction of the total number of 
a p articles that their photographic effect is too small to give a de- 
tectable effect under ordinary experimental conditions. 

Whilo the experimental evidence strongly supports the view that 
the great majority of the a particles from radium C are initially 
expelled with identical velocity and charge*, the radiation obtained 
from active wires in an experiment such as is shown in Fig. 8 is not 
completely homogeneous. Some of the a particles are able to escape 
from the edge of the wire source by penetrating th$ material of the 
wire. Superimposed on the main homogeneous beam, there is in 
• 

* 8. Rosenblum ( C.R . 188, 1401, 1929) has examined the fine structure of the 
a rays from thorium C (range 4-8 cm.) by the focussing method so much employed 
in the examination of 0 ray spectra. For this purpose, the large electromagnet of 
the .* adomy of Science*, constructed by Cotton, was used and the rays were bent 
in a circle of diameter aboi^t 25 cm., using a field of about 36,000 gauss. In this way, 
he wa* able to show that three faint groups of a rays accompanied the main group 
of which the velocities were 1 003, *975, *961, in terms of the velocity of the main 
group. The discovery of these additional groups illustrates the great complexity in 
the emission of a rays from thorium C. In a subsequent paper, Rosenblum {C.R, 188, 
1549, 1929) finds no certain evidence of additional groups of a particles from radium A, 
polonium, radium C\ and thorium C'. 

This new method of attack on the problem of the homogeneity of the a-rays is of 
much interest and importance and promises to give us valuable data on this question. 
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consequence a distribution of a particles having all velocities between 
zero and the maximum. Usually the number of these is only a few 
per cent, of the total. They are not easily noted in photographic ex- 
periments as they are bent away from the main band by the mag- 
netic field. A certain small complexity in the beam is also introduced 
by the scattering of the a particles by the material of the source and 
at the edge of the slits. The radiation in a high vacuum is also 
complicated by another factor. It will be seen in § 24 that a small 
fraction of the a particles, even from an uncovered source, escape 
with a single charge. This is probably due to the capture of an 
electron by some of the a particles in their escape from the active 
material. 

§11. Nature of the a particle. We have seen that the value of 
E/M of the a particle agrees closely with the value to be expected 
if the a particle is a helium nucleus. Later it will be shown, by direct 
measurement of the charge carried by a know n number 
of a particles, that each a particle carries twice the 
fundamental unit of charge. The evidence of the 
identity of the a particle with the helium nucleus is 
thus very strong. On this view', we can offer a simple 
explanation of the production of helium by radium 
first observed by Ramsay and Soddy. The a particles 
are absorbed in either the radioactive material or the 
walls of the containing vessel, and after losing their 
charge become neutral atoms of helium. This helium 
can be liberated by the action of heat or by dissolving 
the radium. 

This conclusion was confirmed by a direct ex- 
periment of Rutherford and Royds*, who obtained 
spectroscopic evidence that the accumulated a par- 
ticles, quite independently of the matter from which 
they are expelled, give rise to helium. The experi- 
mental method will be clearly seen from Fig. 9. A large 
quantity of purified radon was introduced into the thin-walled glass 
tube A. This was sufficiently thin to allow most of the a particles to 
be shot through the walls. The tube A was surrounded by a glass 
tube T to which a small spectrum tube V was attached. The tube T 
was completely exhausted and by means of a side tube any gases 

* Rutherford and Roychi, Phil. Mag. 17, 281, 1909. 
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collecting in T could be compressed into the spectrum tube and their 
nature determined spectroscopically. Two days after the introduction 
of the radon into A the yellow line of helium was clearly seen in the 
spectrum tube, and after six days the whole spectrum was visible. 
Control experiments showed that helium gas could not penetrate 
through the thin walls of A. It is thus clear that the a particles gave 
rise to the helium observed. 

Most of the a particles from the tube A are fired into the walls of 
the outer tube and lose their charge. Some of the atoms gradually 
diffuse out into the exhausted space. The presence of helium in the 
spectrum tube could be detected earlier if a thin cylinder of lead were 
placed over the tube A, since the helium diffuses out from lead more 
rapidly than from glass. If a thin sheet of lead is placed over an a ray 
tube filled with radon in the open air, and left for several hours to be 
bombarded by a particles, helium is always detected in the lead. 
This was tested by melting Hie lead in vacuo and examining the 
residual gases. 

It is flic- dear that the helium, which is produced by all radio- 
active substances emitting a particles, arises from the accumulated 
a particles. This has been confirmed by direct measurement (§ 33). 

§ 12. Detection of a single a particle. The a particle expelled from 
radioa« live substances is the most energetic atomic projectile known 
to science. The kinetic energy of the a particle expelled from a source 
of radium ( J is 1*2 x 10 -8 erg, corresponding to the energy acquired by 
an electron in passing between two points in a vacuum differing in 
potential by 7*66 million volts. Its energy is consequently much 
greater than can be acquired by an electron or charged atom in a 
discharge tube in the laboratory, where the difference of potential 
applied is seldom more than 100,000 volts. 

The « # particle is thus differentiated from the ordinary atom of 
matter by its great energy of motion, and it has been found possible 
to d tect and even to count single a particles by a variety of methods. 
The different method^ of detection no doubt depend in an ultimate 
analysis on the property of the a particle of producing ions in its 
passage through matter whether solid, liquid or gaseous. In some 
cases, the power of the a particle of dissociating complex molecules 
may a iso be important. These different methods may be conveni- 
ently discussed under the headings (1) electrical, (2) optical or 
scintillation, (3) photographic, (4) expansion method. 
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§ 12 a. Electrical method . It is known that an a particle from radium 
C in its path in air produces 2*2 x 10 5 pairs of ions each carrying a charge 
4-77 x 10~ 10 e.s.u. This corresponds to a transfer of about 10~ 4 E.s.u. 
of electricity in an electric field. Consequently if this quantity were 
communicated to an electrometer circuit of capacity, for example, 
60 cm., it would alter its potential by 6 x 10 -4 volts. Using an electro- 
meter of the Compton type, which gives a deflection of 10,000 
divisions per volt, the entrance of an a particle into the detecting 
vessel would cause a throw of the electrometer needle of six divisions. 
No doubt, if suitable precautions were taken, it would be quite 
possible to detect a single a particle in this way by its direct ionisation 
effect *. On account of the slow motion of the needle, such a method 
is unsuited to count a particles at a rapid rate. 

In order to increase the electrical effect of a single a particle, 
Rutherford and Geiger f in 1908 used the method of ionisation by 
collision to magnify automatically the small ionisation produced by 
an a particle. If a strong electric field acts on a gas at low pressure, 
the number of ions is greatly increased owing to the production of 
new ions by collision. If the voltage applied is near the sparking 
potential, the ionisation current may in this way be increased several 
thousand times. 

In the experiments of Rutherford and Geiger it was arranged that 
the a particles were fired through a gas at low pressure exposed to 
an electric field somewhat below the sparking value. The small 
current through the gas due to the entrance of an a particle into the 
detecting vessel was magnified by this method sufficiently to give 
a marked deflection to the needle of an electrometer of moderate 
sensibility. 

The experimental arrangement is shown in Fig. 10. The detecting 
chamber A consisted of a brass vessel about 25 cm. in lepgth, 1*77 cm. 
in diameter, with a central insulated wire passing through ebonite 
plugs at the end. This wire was connected with the electrometer 
while the outside tube was connected with the negative terminal 
of a battery of accumulators, the other pole being earthed. In the 
ebonite plug C was fixed a short glass tube D , in the end of which 
was a circular hole 1*5 mm. diameter covered with a thin sheet of 

* This has been done by Hoffmann using a very sensitive binant electrometer. 
With the same instrument, Ziegert ( Zeit . /. Phys. 46, 668, 1928) has measured the 
total ionisation due to a single a particle. 

f Rutherford and Geiger, Proc. Roy. Soc. A, 81, 141, 1908. 
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mica corresponding in stopping power for the a particle to about 
5 mm. of air. A long glass tube with a wide stopcock F served as 
a continuation of the tube D. The detecting tube was exhausted to 
a pressure of a few centimetres of mercury and the applied voltage was 
adjusted until the current due to a source of y rays was magnified 
several thousand times by collision. The active matter in the form of 
a thin film of small area was placed in the long tube E y which was 
then pumped out. When the stopcock was opened, a small fraction of 
the a particles from the source entered the aperture in the detecting 
vessel. If the strength and distance of the source were adjusted so 
that about three to five a particles entered per minute, the entrance of 
each a particle was indicated by a ballistic throw of the electrometer 



needle. This experiment has a certain historical interest, for it was 
the first time that it was shown to be practicable to detect a single 
atom of matter in swift motion by its electrical effect. If the electro- 
meter circuit were connected to earth through a high resistance 
of the order of 100 megohms, the charge was able to leak away 
completely in the interval between the entrance of successive 
particles. In this way it was found possible to count the number of 
a particles entering the detecting vessel in a given time and thus 
estimate the total number emitted by a known quantity of radium 
(§13). 

The rapidity of counting was greatly increased by using a string 
electrometer instead of the ordinary quadrant electrometer*. By 
suitably adjusting the tension of the string and recording its move- 
ments photographically on a moving film, it was found possible to 
record < istinctly the entrance of each a particle for an average rate 
of 1000 per minute. The detecting vessel in this cose consisted of 

* Geiger and Rutherford, Phil . Mag . 24, 618, 1912* 

4-a 
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a central spherical electrode in a concentric hemisphere, with a small 
aperture covered with mica for the entrance of a particles. An 
example of the record so obtained is shown in Plate I, fig. 3. The 
movement from the horizontal line records the entrance of each a 
particle. The string, after deflection, was brought back rapidly to 
its zero position by the aid of a suitable leak to earth in the electro- 
meter circuit. It will be seen that the a particles enter the detecting 
vessel at irregular intervals. Detailed investigations by this and 
other methods show that the number of the a particles entering the 
detecting vessel in a given time is subject to fluctuation obeying the 
ordinary laws of probability (§34). 



Fit'. II. 


The type of detecting vessel shown in Fig. 10 gives a large effect 
for an a particle but a very slight effect when a p particle enters the 
vessel. Geiger* subsequently developed a variant of this method 
which gives much larger magnifications and is equally effective for 
detecting a ft particle as well as an a particle. The detecting vessel 
and connections are shown in Fig. 11. A rod, ending in a fine, ground 
point P, is insulated inside a short brass tube T , which Contains a 
small opening 0, opposite the point, through which the a and ft 
particles enter. For work at reduced pressures, the opening is 
hermetically closed with a very thin sheet 6f mica. The needle is 
connected with the string electrometer A , with a suitable high re- 
sistance R, in parallel. A high resistance of convenient form can be 
made by filling a capillary tube with a mixture of alcohol and xylol. 
A variable high resistance is readily provided by the use of a ther- 

* Geiger, Verh . d. D . Phys. Ges. 15, 534, 1913; Phys . Zeit . 14, 1129, 1913. 



COUNTING OF a PARTICLES 53 

mionic valve. The plate and grid are connected with the needle of 
the counter and one end of the filament is earthed. The effective 
resistance of this combination is controlled by the temperature of 
the filament. If the detector contains air at ordinary pressure, a 
voltage of from 1000 to 1500 is required, the outer tube being positive. 
The detector works well at reduced pressure, when a few hundred 
volts suffices. An example of a photographic record of a and rays 
obtained by Geiger, is shown in Plate I, fig. 4. 

The action of the counter has been the subject of numerous in- 
vestigations. When the voltage is raised nearly to the discharging 
point, the small ionisation near the point due to the entrance of an 
a or p particle causes a momentary strong discharge from the point. 
In the case of the point-detector, the local ionisation exerts a trigger 
action and causes a momentary discharge, the magnitude of which 
is largely independent of the initial ionisation. For this reason, the 
weak ionisation of the gas dm* to a p particle produces an effect of 
about the same magnitude as the intense ionisation due to an a 
particle. If the point is examined under a microscope, a sharp flash 
is seen at the point corresponding to the entrance of each a particle, 
li this rt sped the point -detector has an entirely different action 
from the detector shown in Fig. 10, where the momentary current 
due to collision of ions is proportional to the initial ionisation. For 
this reason, if a particles alone are to be counted in the presence of 
ft rays, the detector of the type shown in Fig. 10 is preferable to the 
point type. 

The effect of the capacity and resistance used with the counter, 
as well as the effect of pressure, has been examined by several ob- 
servers, including Geiger, Appleton, Emeldis *, Taylor f and others. It 
has been shown that the magnitude and duration of the momentary 
discharge depends on the capacity. Emeleus has given an interesting 
account of the various factors involved in the working of the counter. 
Since the momentary current in the counter may in some cases be 
as high as 5 x 10^ 5 amps, it is not difficult to magnify the current 
by thermionic valves so as to work a relay or a telephone. This has 
been done by Kovarik, Mine Curie and Greinaeher. In this way the 
entrance of an a or ft particle into the detector may be automatically 
recorded or made visible by the lighting of a lamp. By magnifying 
the actual small ionisation current due to an a particle by means of 

♦ For literature of this subject see Emekus, Proc. Camb. Phil. Soc. 22, 676, 1925. 

t J. Taylor, Proc. Catnb. Phil. Soc. 24, 251, 1928. 
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a series of amplifiers, Greinacher* has recorded photographically the 
entrance into the detecting vessel of swift hydrogen particles as 
well as a particles. Such a method does not record p particles and 
is thus very serviceable in counting a or swift H particles even when 
a number of ft particles may be present. It will be seen (§ 13) that 
this method has been applied to count accurately the number of 
a particles expelled per second per gram of radium. Geiger and 
Klempererf have recently found that if the needle of the detector 
ends in a small sphere, and the outer vessel is charged negatively over 
a limited range of voltage, the detector counts a particles and not 
P particles, but above a critical voltage it counts a and P particles 
indiscriminately. In other words, in the first case the current from 
the detector is proportional to the ionisation, and in the second it 
acts like the ordinary P ray counter. By an adaptation of the 
method originally used by Rutherford and Geiger to count a particles, 
Geiger finds that p particles can be counted over a large surface area. 
The p particles from the air and walls of an ordinary room give a 
large number of throws per minute and, by careful shielding, the 
P rays arising from the penetrating radiation in the atmosphere may 
be counted. 

§12b. Scintillation method. Sir William Crookes and also Elster 
and Geitel discovered in 1903 a property of the a rays that has 
subsequently proved of great importance in radioactive measure- 
ment. If a screen coated with the small crystals of phosphorescent 
zinc sulphide is exposed to a rays, a brilliant luminosity is observed. 
On viewing the surface of the screen with a magnifying glass, the 
light from the screen is seen not to be distributed uniformly but to 
consist of a number of scintillating points of light scattered over the 
surface and of short duration. Crookes devised a simple apparatus 
callo£ a “ spinthariscope ” to show the scintillations. A small point 
coated with a trace of radium is placed several millimetres away 
from a zinc sulphide screen which is fixed at one end of a short tube 
and viewed through a lens at the other end. In a dark room the 
surface of the screen is seen as a dark background dotted with 
brilliant points of light which come and go with great rapidity. This 
beautiful experiment brings vividly before the observer the idea that 
the radium is shooting out a stream of projectiles each of which 

* Greinacher, Zeit.f. Phys. 23, 361, 1924 ; 36, 364, 1926; 44, 319, 1927. 

f Geiger and Klemperer, Zeit.f. Phys. 49, 753, 1928. 
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causes a flash of light on striking the screen. The correctness of 
this impression has been verified by direct experiment, for each 
particle which falls on the crystals of zinc sulphide has been found 
to give a scintillation. A similar effect is observed in certain kinds 
of diamonds, but the scintillation is much weaker than in zinc 
sulphide. 

Regener* was the first to devise methods of counting scintillations 
in order to determine the number of a particles incident on the screen. 
It has been found best for this purpose to use a microscope of magni- 
fication about 30 with an objective of large numerical aperture to 
increase the apparent brightness of the scintillations. The experi- 
ments should be made in a dark room when the eye is well rested, 
and the surface of the zinc sulphide should be faintly lighted to keep* 
the eye focussed upon it. 

The scintillation method of counting a particles has been widely 
used in many experiments and has proved a method of very great 
delicacy and power. By its aid we are able to count directly the 
number of a particles falling on the screen in a' given time, and also 
to count the high speed hydrogen nuclei which are set in motion 
when an a particle collides with a hydrogen atom or are liberated 
during the disintegration of certain atoms. 

We have seen that such swift ionising particles can also be detected 
and counted by the electric method under certain conditions, but it 
is in general found impracticable to count a particles by the electric 
method in the presence of a strong radiation due to and y rays. 
The zinc sulphide screen has the great advantage that it is com- 
paratively insensitive to ft and y rays and can be employed to count 
a particles even when exposed to such a strong y radiation that the 
electric method is quite inapplicable. For this reason the scintil- 
lation method has proved invaluable in experiments to determine 
the law^ of the scattering of a particles by atomic nuclei and in 
investigating the artificial disintegration of atoms due to violent 
nuclear collisions. On account of its importance as a powerful and 
extraordinarily delicate method of research, a description is given 
in §§ 126 a, 126 6 of our knowledge of the origin, duration and effici- 
ency of these scintillations and the limits of their detection. A dis- 
cussion is also given of the arrangements suitable for counting 
scintillations under various conditions and of the methods for testing 
the efficiency of counters. 

* Regener, Vtrh . d . D. Phys . Get. 19, 78 and 351, 1908. 
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§ 12 c. Photographic action of the a rays. The a, {$ and y rays all 
produce a marked action on the photographic plate but, owing to 
the difference in the absorption of these rays by a photographic 
film, it is difficult to make any quantitative comparison of their 
effects. A study of the photographic action of a pencil of a particles 
has, however, thrown much light on the processes involved. Kino- 
shita* in 1910 made a detailed study of the action of the homo- 
geneous a rays from radium C on the photographic plate. He found 
that the photographic action was nearly constant along the range 
of the a particle but fell off rapidly near the end of its range. In this 
respect, the photographic action differs from the ionisation effect 
of the a particles which passes through a well-marked maximum 
near the end of the range. It is believed that a small number or 
even a single pair of ions formed in a grain renders it developable. 
The ionisation along the track of an a particle is so dense that every 
grain through which it passes must be ionised several times and so 
be equally developable independently of the density of the ions. By 
counting with a microscope, the number of grains in a thin film after 
development was found equal to the number of a particles incident 
on the film for small photographic densities of the film. This is an im- 
portant result, for it shows that each a particle produces a detectable 
photographic effect. Under suitable conditions this method can be 
used to count a particles. 

The effect of a single a particle is more closely brought out by 
allowing d particles to fall nearly tangentially to the surface of the 
photographic film, when the track of each a particle is rendered 
clearly visible by the succession of grains produced along the track. 
A simple way of showing such tracks is to infect a photographic 
plate by touching it with a needle point containing a trace of Active 
matter and allowing the activity to decay in situ before -development. 
^Under a high magnification, the radiating tracks due to the individual 
a particles are clearly visible. An example of such photographs is 
shown in Plate II, fig. 1, where two centres are visible. Photographs 
of this kind have been obtained by Reinganjum, Michl, Makower, 
Walmsley, Kinoshita, Ikeuti, Sahni and others. Owing to the 
scattering of the air, some of the a particles may enter the film at 
some distance from the active point. In consequence, the tracks 
are not all of equal length. To avoid this effect Muhlestein took 
photographs with the film covered with mercury. Under such 
* Kinoshita, Proc. Roy . Soc. A, 83, 432, 1910. 
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conditions the a particles show a definite range in the film and form 
a well-developed halo of radius depending on the velocity of the 
a particles (§ 38) ; an example of such a halo obtained by Harrington* 
is shown in Plate II, fig. 2. The very thin films of Schumann plates 
are especially serviceable in studying a particles of small velocity 
or other radiations of very small penetrating power. In such thin 
films the effect of and y rays which may be present is relatively 
very small compared with that of the a particle. 

§12d. Expansion method. The expansion method of detecting 
single a and p particles depends on the discovery by C. T. R. Wilson 
that the ions produced in gases by these radiations act as nuclei of 
condensation of water vapour when a certain supersaturation is 
reached. This supersaturation is produced by the sudden expansion 
of dust free air saturated with water vapour. If V 1 be the initial 
volume of the air, V 2 the volume after expansion, the negative ions 
act as centres of condensation when VJV l > 1*25 and the positive 
ions when V 2 / \\ > 1-31. For V 1 (\\ ~ 1*38. a dense cloud appears 
even in the absence of all ions. Over a certain range, therefore, each 
ion becomes the nucleus of a visible drop of water which can be 
photographed under suitable illumination. 

A great advance was made in 1912 when Wilson| found by an 
application of this method that the tracks of individual a and ft 
particles could be clearly seen and photographed. By a timing 
arrangement instantaneous photographs \vl. .*aken of the tracks 
of a particles at short intervals after the expansion. The beautiful 
photographs obtained by this method bring out in a striking and 
concrete way the path of these particles through the gas. Owing to 
the density of the ionisation, the path of the a particle shows as 
a continuous line of water drops. A swift ft particle, on the other 
hand, giyes so much smaller ionisation that the individual ions 
formed along its track can be counted (v. Plates IV and VIII). 
The photographs of the tracks of a particles (see Plate III) show 
clearly that they travpl in nearly a straight line through the gas. A 
marked deviation of the a particle is occasionally observed, most 
frequently near the end of the track (cf. Plate III, fig. 2). This is 
due to the deflection of the a particle by collisions with the nuclei 
of atoms in their path. 

* Harrington, Phil. Mag. 6, 685, 1928. 

f C. T. R. Wilson, Proc. Roy . Soc. A, 86, 285, 1911; 87, 277, 1912; 104, 1, 1923. 
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By employing two cameras, stereoscopic pictures can be obtained 
which show the tracks of ionising particles in space and allow us to 
study in great detail the effects produced by a single a or £ particle 
or by a weak beam of X rays or y rays in traversing a gas. The method 
has the great advantage that the individual action of a single a or 
jS particle can be studied at leisure on the photographs. In the 
hands of Wilson and others, it has proved a most powerful method 
of throwing light on all the complicated phenomena which occur 
in the passage of an ionising radiation through a gas. 



IJte expansion is effected by opening the valve B in communication 
with the vacuum chamber C. The floor of the expansion chamber 
irops suddenly until brought to a sudden stop by striking an india- 
rubber base plate. The wooden cylinders D were added merely to 
"educe the volume of air required to be displaced during an expansion. 
The valve B is released by a falling pendulum which also times a 
Leyden jar discharge through mercury vapour to give a momentary 
strong illu min ation for the photographs. When necessary an electric 
field can be applied between the ceiling and floor of the expansion 
chamber to remove ions present before the expansion. 



PLATE III 





1‘Yj Tr.u k of (i paihclo m li\ tiros’ll, "liowim: ti.uL of ia\" 



V\ir. 1. Track of ci particle in hydrogen, sliowiiu: effect of 
magnetic field on ray*. 
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By accurate timing, very sharp and clear stereoscopic photo- 
graphs can be obtained with this apparatus. In a study, however, 
of rare phenomena, like the single scattering of a particles and the 
disintegration of atomic nuclei by bombardment with a particles, 
it is often necessary to photograph a very great number of a particles, 
of the order of one million. For this purpose an automatic type of 
apparatus is required which will allow a large number of expansions 
at short intervals., For this purpose, Shimizu* devised a simple form 
of expansion vessel which allows expansions to be repeated rapidly. 

The working of this apparatus will be clearly seen from Fig. 13. 
By means of a motor, the tightly fitting piston of the expansion 



chamber is given a reciprocating motion of appropriate amount. 
Although the expansion is not sudden, as in Wilson’s apparatus, it 
yet shows clear a ray tracks if the latter are allowed to enter the 
cloud chamber just at the end of the stroke of the piston. By ar- 
rangement of an electrical field to clear the cloud chamber between 
expansions, it is possible to make an effective expansion every few 
seconds. Shimizu developed a method of taking simultaneous 
photographs of the a ray tracks in two directions perpendicular to 
each other on a moving film, so that the orientation of the tracks 
in space could be determined. This general method has been used 
by Shi nizu, Blackettf, Harkins and RyanJ, Auger ’and Perrin § and 

* Shimizu, Proc. Roy, Soc. A, 99, 425, 432* 1921. 
f Blackett, Proc . Roy, Soc. A, 102, 294, 1922; 103, 62, 1923. 
t Harkins and Ryan, Phy$. Rev. 21, 375, 1923; 23, 308, 1924. 

| Auger and Perrin, C.R . 17$, 340, 1922. 
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others to study rare occurrences in the life of an a particle. Blackett, 
in particular, has used it to study in detail the nuclear scattering 
of a rays in different gases and to obtain visual evidence of the 
collisions in nitrogen which lead to the expulsion of a proton from 
the nitrogen nucleus. In order to obtain sharp and clear tracks, he 
has found it best to discard the reciprocating motion and to arrange 
by the rotation of a cam that a sudden expansion occurs at the right 
moment. It is necessary to time carefully the opening of a shutter 
admitting the a particles to the apparatus, the expansion and open- 
ing of the shutter of the film camera and the illumination. In prac- 
tice the apparatus works automatically, being driven by a motor, 
and it is arranged that, in alternate expansions, no a particles are 
admitted, but the expansion is used to clear the cloud chamber. 
Examples of photographs obtained by Blackett are given in 
Plate IX illustrating the collisions of a particles with nuclei of the 
lighter gases. Photographs showing the disintegration of nitrogen 
nuclei are given in Plate X. Each photograph contains two pictures of 
the a particles viewed in perpendicular directions so that the orien- 
tation of the tracks in space can be determined. 

§ 13. Number of a particles from radium. The number of a particles 
Q emitted from radium per gram per second is an important physical 
constant which it is desirable to know with precision. The first 
.determination of this number was made in 1908 by Rutherford and 
Geiger*, using the electric method of counting a particles shown in 
Fig. 10. A thin film of the active deposit of radium was used as 
a source of a rays. After radium A has decayed, the a particles come 
entirely from radium C. The activity of this source was compared 
by the y ray method in terms of radium in equilibrium with its 
products. They found a value Q = 3-4 x 10 10 in terms of the labora- 
tory standard. This was subsequently calibrated in terms of the 
International Standard, giving a value Q ~ 3*57 x 10 10 . 

This gives the number of a particles from radium itself, freed from 
its subsequent products. When radium is iq equilibrium with its 
products, the same number of particles are emitted per second by 
each of its a ray products, viz. radon, radium A and radium G\ 
Consequently the number of a particles from 1 gram of radium in 
equilibrium is 4 Q. The value of Q so found agrees fairly well with 
a number of measurements which involve Q, viz. the production of 

% * Rutherford and Geiger, Proc. Ray. Soc. A, 81, 141, 1908. 
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helium by radium, the volume of radon, and the heating effect due 
to the a particles. 

Subsequent determinations of Q have been made by Hess and 
Lawson* in Vienna in 1918, and by Geiger and Wernerf in Berlin 
in 1924. Hess and Lawson used radium C as a source of a rays and 
counted the a particles by the electrical method. The detecting 
chamber was hemispherical in shape, containing a spherical electrode 
opposite the aperture where the a particles entered. In order to 
reduce the effect of the f3 and y rays compared with the a rays, they 
found it best to use a mixture of 54 per cent. C0 2 and 46 per cent, 
air at about 40 mm. pressure in the detecting chamber. The string 
electrometer available had too slow a period for rapid photographic 
registration of the a particles, so the final results were obtained by 
eye observation of the throws of the string of the electrometer. As 
the result of a large number '•{ fairly concordant observations, they 
found a value Q = 3-72 x 10 10 . 

Geiger and Werner made an investigation of the efficiency of the 
point-counter and found that it could not be relied upon completely 
for accurate work, since the number of a particles registered was 
nt or constant but increased slowly with the voltage applied to the 
counter. After a very careful investigation they concluded that Q 
was not great jr than 3*5 x 10 10 . They then turned their attention 
to the scintillation method of counting a particles. The counting 
screen was completely covered with zinc sulphide crystals and viewed 
by two microscopes. The scintillations were counted simultaneously 
by two observers and independently recorded side by side on the 
same moving tape. From the number of scintillations counted by 
both observers and the number counted by one and not the other, 
they were able, by an ingenious treatment of the observations, to 
obtain the recording error of each observer and the true number of 
scintillatjons. A description of this method of testing the efficiency 
of < >untcrs is given in § 126 6. The source of a rays consisted of 
radon and its products contained in a small conical tube, one end of 
which was covered with a thin sheet of mica. A large number of 
scintillations were counted, and they concluded that Q * 3-40 x 10 10 , 
This b a value 4 per cent, lower than Rutherford and Geiger's 
original number and 10 per cent, lower than the value found by 

♦ Ho«h and I*waon, Il'iVn. Ber. 127, 405, 1918. 

t Geiger and Werner, ZcU.f. /%,<. 21, 187, 1924; Geiger, Yerh. d . D. Phys Gts. 5, 
12, 1924. 
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Hess and Lawson. This is a large discrepancy, and the possible 
sources of error in the various methods have been a subject of some 
discussion. There is no doubt that a direct determination of Q is 
beset with considerable difficulties, partly connected with the source 
of a rays and partly with the efficiency of the electrical and scin- 
tillation methods of counting a particles. While there can be no 
doubt that the measurements of Geiger and Werner were carried 
out with great care and accuracy, there is some uncertainty as to 
the reliability of their source of a rays. It is possible that some of 
the emanation was absorbed in the material of the tube so that the 
full number of radioactive atoms, as measured by the y rays, was not 
effective in the counting of the a particles. 

In view of these discrepancies, new measurements of Q have 
been made by measuring the positive charge carried by the a particles 
from radium C, assuming the charge on the a particle is 2e, where e 
is Millikan’s precision value 4-774 x 10~ 10 e.s.u. The general method 
for measuring the charge carried by the a particles is described in 
the next section. H. Jedrzejowski* found in this way Q - 3-50 x 10 10 , 
while Braddick and Cavef, as a result of a series of careful measure- 
ments, found Q = 3-68 x 10 10 . In both experiments, special precau- 
tions were taken in the preparation of a suitable source of radium C 
of small area and in the removal of the /? rays by a strong magnetic 
held. The collecting plate was of just sufficient thickness to absorb 
completely the a particles. The effect of the y rays on the measure- 
ment of the charge was negligible in the experiments of Cave and 
Braddick. It is thus seen that these measurements by the same 
method also differ considerably. In order to throw further light on 
this question, experiments have been made by Ward, Wynn Williams 
and Cave* in another way. Using the Greinacher method, the actual 
iouisition current produced by the entering a particle is magnified by 
valves to give a deflection of the string of an Einthoven galvanometer 
which is recorded photographically on a moving film. The results 
obtained by this method, which should be free from serious errors, 
give a value Q = 3-66 x 10 10 , in fair agreement with the value of 
Lawson and Hess, 3*72 xlO 10 , and Cave and Braddick, 3-68 x 10 10 , 
and also with the value deduced from the heating effect of the a rays. 

When we consider the care taken in the measurements, it is 

* Jedreejowaki, C.R. 184, 1551, 1927. 

t Braddick and Cave, Proe. Roy. Roc, A, 121, 367, 1928. 

X Ward, Wynn Williams and Cave, Proc. Roy. Roc, A, 126, 713, 1920. 
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difficult to account for the divergence between the various values of 
Q , and particularly the low values in some determinations. One of 
the main difficulties in these experiments lies in the choice and 
preparation of a suitable source of a rays which is free from all un- 
certainty and can be measured with precision. 

Considering the evidence as a whole, it is probable that the value 
of Q lies between 3*65 x 10 10 and 3-70 xlO 10 , and for purposes of 
calculation a value Q = 3*70 x 10 10 *will be used in all subsequent 
calculations. It is of interest to consider estimations of Q which 
can be obtained from a variety of indirect data. 

The volume of helium produced by 1 gram of radium in equili- 
brium with its products has been carefully determined by Boltwood 
and Rutherford* and found to be 156 c. mm. per year in terms of 
the International Radium Standard. Since each a particle on losing 
its charge becomes an atom < f helium, we can at once deduce the 
value of Q by using Millikan s data that the number of atoms in 
1 c.c of h'dium is 2-705 x 10'°. The value so found is Q = 3*50 x 10 10 . 


| Method 

Investigator 

Date 

Q 

Electric counting 

Rutherford and Geiger 

1907 

3 57 x 10“ 


Hess and Lawson 

1918 

3-72 x 10“ 


Geiger and Werner 

1924 

3-5 xlO 10 


Ward, Williams, and Cave 

1929 

3-66 x 10 10 

Scintillation 

Geiger and Werner 

1924 

3-40 x 10“ 

Total charge 

Jcdrzcjowski 

1927 

3-50 x I0‘° 


Braddiok and Cave 

1928 

3-68 \ 10“ 

Production helium 

Boltwood and Rutherford 

1911 

3-50 x 10“ 


Dewar 

1910 

3-69 x 10“ 

Life of radium 

Gleditseh 

1919 

3-55 x 10“ 

Heating effect 

Rutherford and Robinson 

1912 

3-72 x 10“ 


Watson and Henderson 

1928 

3-70 x 10“ 

Volume of radon 

Wertenstein 

1928 

3-7 x 10“ 


Rutherford and Robinsonf found that the heating effect of the 
<i ra $ of radon in equilibrium with its products was 97-4 gram 
calories per hour after correcting for the heating effect of the recoil 
atoms and of the jS and y rays. Assuming that the heating effect 
is a measure of the energy of the expelled a particles (using Geiger's 
data fo the ranges), we find Q - 3*72 x 10 10 . A concordant value, 
Q = 3*70 x 10 10 , was obtained by Watson and Henderson in their 
recent, measurement of the heating effect of radium products. 

* Boltwood and Rutherford, Wien. Ber . 120. 313, 1011; Phil. Mag. 22, 5S6. 1911. 
t Rutherford and Robinson, Phil . Mag. 25, 312, 1913; IfTru. Ber. 121, 1491, 1912. 
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E. Gleditsch found by direct measurement that the trans- 
formation constant of radium is 4-18 xlO -4 (year)- 1 . Since one 
a particle is expelled from each disintegrating atom of radium, it 
can at once be calculated from atomic data that Q = 3*55 x 10 10 , 
In some recent experiments, Wertenstein* measured the volume of 
radon in equilibrium with 1 gram of radium, and found it to be 
0*7 c.mm. From this result the value Q can be calculated to be 
3*7 x 10 10 . For convenience we* include in the above table the esti- 
mates of Q made in these various ways. 

The values obtained vary between Q = 3-4 x 10 10 and $=3*72 x 10 10 . 
Considering the difficulty of accurate measurement by some of the 
indirect methods, there is a fair accord. We have seen that the true 
value is probably close to Q = 3*70 x 10 10 . 

§ 14. The charge carried by the a particle. By measuring the total 
charge carried by a counted number of 
a particles, the charge E carried by each 
particle can be found. Certain difficulties 
were encountered at first in measure- 
ments of the charge on account of the 
vigorous emission of electrons (3 rays) by 
surfaces on which the a particles fall 
(see § 29). The charge was measured by 
Rutherford and Geigerj by the method 
shown in Fig. 14. The source of radiation 
was radium C deposited on a glass 
vessel E. The a rays, after passing 
through a thin aluminium foil which 
served to stop recoil atoms, fell on a jq 
plate AC\ the lower surface of which was 
covered with thin aluminium foil. The 
fraction of the a particles falling on AC 
was defined by the diaphragm B. The 
whole apparatus was placed in a strong 
magnetic field perpendicular to the 
stream of particles, in order to bend 
away the j3 rays from the source and 
to reduce to a minimum the effect of the 8 rays. The charge com- 
municated to AC in a good vacuum was measured by an electrometer. 

* Wertenstein, Phil. Mag. 6, 17, 1928. 

f Rutherford and Geiger, Proc. Roy. Soc. A, 81, 141, 1908* 
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The strong magnetic held also deflects the electrons liberated by the 
a rays so that they return to the plate from which they started. 
It will be seen from § 29 that the maximum speed of the liberated 
electron is twice the velocity of the a particle. In order to prevent 
the escape of the electrons emitted obliquely from the surface, the 
collecting plate was surrounded by a shallow copper cup. In this way 
the application of a strong magnetic field is entirely successful in 
preventing the escape of the electrons, so that the charge carried by the 
a particles themselves can be measured. By this method Rutherford 
and Geiger found that the charge carried by the a rays from radium C 
in equilibrium with 1 gram of radium was 33-2 e.s.u. per second on 
the International Standard. Taking the number of a particles from 
1 gram of radium per second as 3*57 x 10 10 , the charge on the 
a p irticle was found to be 9-3 x 10~ 10 E.s.u. The general evidence 
at that time indicated that the a particle carried two charges, so that 
the value of the unit charge e was 4-65 x 10"* 10 e.s.u. This may be 
compared with the precision measurement made later by Millikan by 
other methods, viz. e = 4*774 x 10~ 10 e.s.u. At that time, 1908, this 
rat 1 inactive method provided the most reliable estimate of e, and for 
a considerable time it was widely used in radioactive and other 
calcuta t ions. If we assume the precision value of e, we can conversely 
deduce the number of a particles emitted per second per gram of 
radium, viz. 3*48 a 10 10 . 

Further measurements of the charge carried by the a particle 
w r ere made by Duane and Danysz* in 1912 by a similar method. 
A careful investigation was made of the effect on the measurements 
of varying the magnetic field and of applying an electric field in two 
directions. As source, a very thin a ray bulb containing radon was 
used. They found the charge carried per second by the a rays from 
1 gram of radium itself was 303 E.s.u. in terms of their standard, a 
valu^ somewhat smaller than that found by Rutherford and Geiger. It 
was, however, difficult in their experiments to make certain that all the 
a fays from the active matter escaped through the walls of the bulb. 

We have discussed hi the last section some new determinations 
of the total charge by Jedrzejow.^ki, Braddick and Cave, who find 
„ values 33-4 and 35*1 e.s.u. per second respectively. 

It is of interest to record an early measurement of the charge, 
made by Regenerf. The a particles from a source of polonium were 

* Duane and Danysz, Lt Radium , 9 , 417, 1912. 

t Regener, Ber. Prcuss . A lead. d. If i ss. 38, 948, 1909. 
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•counted by observing the scintillations produced on a small diamond, 
while the charge carried by the a rays was measured. He found 
the charge on each particle to be 9*58 x 10~ 10 , giving a value of 
e = 4*79 x 10 ~ 10 , in good accord with Millikan’s later value. In his 
experiments, however, the polonium source was uncovered, so that 
the charge, if any, of the recoil atoms would be measured with the 
a particles. It may be that mo$t of the recoil atoms, as Wertenstein 
observed in the case of recoil from radium C, were uncharged, so that 
the result was not affected. 



PLATE IV 





li^;. Stereoscopic pair showing the collision of a slow ,i particle with ail electron. 






CHAPTER III 


ABSORPTION OF THE a RAYS 

§15. Absorption of a rays. Historical. The absorption of a rays 
by matter was fir£t investigated by Rutherford in 1899 by the 
electric method. A layer of radioactive material was spread on a 
plate and the variation of the saturation current between this plate 
and another placed parallel to it was examined by an electrometer 
when successive screens of absorbing matter were placed over the 
active matter. The current was found at first to decrease approxi- 
mat: ly according to an exponential law with the thickness of matter 
traversed, but ultimately fell *#tf more slowly. Experiments of this 
kind were fiist made with uranium, and led to the divisions of the 
radiation mto two types, called the a and rays. Observations by 
similar methods showed also that the a rays were rapidly absorbed 
in ir and other gases. Many experiments of this kind were made 
in the early days of radioactivity by Owens, Rutherford and Miss 
Brooks. Meyer and Schweidler and others. 

When more active materials were available, it was possible to 
obtain easily measurable effects with a definite pencil of a rays. 
Mme Curie examined the absorption of the a rays from a thin film 
of polonium by a different method. The rays from polonium passed 
through a circular opening in a metal plate covered with a wire 
gauze or a thin metal foil, and the ionisation of the rays, after passing 
through the hole, was measured between this plate and a plate placed 

3 cm. above it. No current was observed when the polonium was 

4 cm. below the hole, but as this distance was diminished beyond 
a certain ^alue, the current rose rapidly so that a small change in 
the distance caused a large alteration in the current. This effect was 
entirely different from that to be expected if the* a rays Vere absorbed 
by matter according to an exponential law, but indicated that the 
ionisation of the a rays from polonium ceased suddenly after travers- 
ing a ce :tain thickness of air or other absorber. % 

In 1903 Rutherford had shown that the a rays consisted of posi- 
tively charged atoms projected wdth high velocity. W. H. Bragg 
early in 1904 suggested that the peculiarities observed in the ab- 
sorption of a rays could be explained by supposing that the massive 

5-a 
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a particle of high velocity travelled in nearly a straight line through 
the gas, expending its energy in ionisation until its velocity fell to 
a certain value. The a particle should on this view have a definite 
range of travel in the gas depending on its initial velocity. Ex- 
periments were at once begun to test this hypothesis by examining 
the ionisation along the path of a pencil of a rays emitted by a thin 
layer of radium. This brought; to light the characteristic ranges of 
the a particles arising from the individual active products radium, 
radon, radium A, radium C present when the radium is in equili- 
brium. This led to experiments on the ranges of a rays in different 
gases and metals, and a study of the laws of absorption of the a 
particle. 

The essential correctness of these views of the nature of the • 
absorption of the a particle was confirmed by a study of the de- 
flection of a pencil of a rays in a magnetic field (Rutherford and 
Geiger). The a particles were shown to be ejected initially at the 
same speed from a thin film of active matter like radium C and to 
retain their homogeneity to a large extent in traversing matter. The 
law of retardation of the a particle was carefully examined. Sub- 
sequent researches by a large number of investigators have been 
concerned with a detailed study of the phenomena occurring in the 
passage of a particles through matter in the gaseous, solid and 
liquid state, such as the ionisation and range of the a particles in 
different materials, the laws of the scattering and straggling of the 
particles and, more recently, the variation of charge during the 
flight of the a particle. These investigations, both experimental and 
theoretical, have thrown much light on this most interesting and 
important problem, and we have now a fairly clear idea of the 
events that may happen in the short life of the a particle after it has 
been iiberated from a radioactive atom. The information obtained 
frpm the various directions of investigation will now be 'considered 
in detail. In this chapter, we shall discuss the variation of the 
ionisation along the path of the a particle in different gases, methods 
of measurement of the range of a particles alid the relative stopping 
power of the a particle by different materials. 

§ 16 . lopisation curve for a particles. We have already seen that 
Bragg first observed that the a rays from a thin layer of one kind 
of ra<Uoactive matter had a definite range,, of travel in air, and 
that the ionisation produced by the rays fell off abruptly at the 



IONISATION DUE TO.a RAYS 69 

end of their, path. This “range” of the a particle depends on its 
velocity and the nature of the absorbing material, whether solid, 
liquid or gaseous. The variation of the ionisation along the track of 
the a particle in a gas can be best investigated by the electric method, 


Slit A B 



using a narrow pencil of homog eneous rays. Suppose the saturation 
ionisation current produced b\ a narrow pencil of a rays between 
parallel gauzes A and B, Fig. 15, is measured at different distances 
from the source S. The ionisation current between and B, which 
may be close together, is a measure of the number of pairs of ions 



Fig. 16. 

produced in the gas between the two plates. The current is found to 
increase with distance from the source, pass through a maximum 
near the end of the range and then fall off rapidly to zero. The curves 
connecting the amount of ionisation at each point of the range of the 
a particles from radium C' and polonium obtained by I. Curie are 
shown in Fig. 16. TRe ionisation curve can be obtained either by 
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altering the distance between the source and AB , keeping the pencil 
of a rays constant, or by keeping the source and AB fixed at a con- 
venient distance apart in a closed vessel and varying the pressure 
of the gas. This latter method was adopted by Geiger, Lawson and 
later by Henderson, who made a detailed examination of the ionisa- 
tion due to the a particles from radium C and thorium C, paying 
special attention to the variation of the ionisation near the end of the 
range of the a particles. 

In the apparatus used by G. II. Henderson*, the source of a rays 
and the ionisation chamber were 38 cm. apart and fixed near the 
ends of an airtight glass cylinder. The ionisation chamber, only 
1 mm. deep, consisted of a wire gauze B facing the source and a 
copper plate C connected with the electrometer. To prevent the 
collection of ions formed outside the gauze, another wire gauze A 
connected with earth was placed 1 mm. in front of B, which was kept 
at a potential sufficient to ensure a saturation current. The pressure 
of the air in the chamber could be adjusted and accurately measured. 
The source consisted of a polished disc of brass or nickel 1 cm. 
diameter, which could be activated by a deposit of radium B and C 
or thorium C. By means of a system of stops, only a narrow beam of 
a rays entered the ionisation chamber, so that the length of travel 
of all the a particles was nearly the same. 

Part of the ionisation curve near the end of the range obtained by 
Henderson for the a rays from radium C in air is shown in Pig. 17. 
The ranges are reduced in terms of air at 700 mm. and 0° (\ It is 
seen that the maximum of the ionisation is reached for a range 
6*13 cm. and the observed end of the range is 0*70 cm. It will be 
noted that the curve falls off nearly linearly from C to B and that 
there is a pronounced tail (BA) which is shown on a larger scale in 
the carve to the left. The actual end of the ionisation curve cannot 
be fixed with any certainty, as it meets the axis of abscissae asympto- 
tically. As first pointed out by Marsden and Perkinsf, it is desirable 
to fix the range by the point where the straight line BC cuts the axis. 
This “ extrapolated range ” can be determined with considerable 
accuracy, and should be used to fix the range of all groups of a 
particles. The maximum range, which depends on the refinements 
of measurements, is too indefinite and uncertain for this purpose. 
Henderson found by this method that the extrapolated range of 

* Henderson, Phil. Mag . 42, 538, 1021. 

t Marsden and Perkins, Phil. Mag. 27, 690, 1914. 



71 


IONISATION DUE TO. a RAYS 

radium C particles in air is 6*592 cm. at 0° C. and 760 mm. There is 
thus a difference of about 1*1 mm. between this range so defined 
and the maximum range detected under his experimental conditions. 

Exactly similar end curves were obtained for the a rays from 
thorium C and the slope of the straight portion was identical. The 



. Fig. 17. 

range it one group of rays was found to be 4*529 cm. and the other 
(ThC') 8*167 cm. at 760 mm. and 0° C. 

Concordant values for these ranges have been obtained by Geiger*, 
viz. 6*608 cm. for radium C, 4*538 cm. for thorium C, and 8*168 cm. 


* Geiger, Zeit.f. Phys. 8, 45, 1921. 
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for thorium C'. I. Curie and Behounek* found a range 6*60 cm. 
for radium C. When once these extrapolated ranges are fixed with 
precision for such convenient sources of a rays, it is possible by 
comparison to fix the ranges of a particles from other substances 
(§ 19 ). 

A series of measurements has been made recently by I. Curie 
and Behounek to determine the ionisation curve with accuracy under 
definite and reproducible conditions. They discuss the methods 
employed for this purpose and in particular the possible errors due 
to the scattering of the a rays, arising from the position of the 
diaphragm which is used to obtain a nearly parallel pencil of a rays. 
In their experiments the diaphragm is placed close to the source 
and moves with it. The ionisation chamber consists of parallel plates 
provided with guard rings. Both the distance of source and diaphragm 
from the ionisation chamber and the pressure of gas can be varied. 

The curves obtained for the a rays from radium C' and polonium, 
at 15° C. and 760 mm., have been given in Fig. 16. They confirm the 
straight end part of the curve and the tail of the curve as found by 
Henderson but differ from him somewhat in the shape of the maxi- 
mum and of the earlier part of the curve. They find that their curve 
falls above that of Henderson, the relative ionisation at the beginning 
of the range being 0*41 instead of 0-31. In a later careful investi- 
gation I. Curie and F. Joliotf find the ionisation curve near the 
beginning of the range to lie between the curves found by Henderson 
and Curie and Behounek. 

It should be pointed out that the long range a particles from 
radium C and thorium C are much too few in number to influence 
the results of these experiments. 

It will be shown (§ 22) that the velocity V of a particles of 
range R is given very approximately by the relation V 3 = aR, where 
a is a constant. If it be supposed that the ionisation produced by 
an a particle in a short distance dR is a measure of the energy dftJ 
lost oy the a particle, then dEjdR cc R~b cc 1/K, or, in other words, 
the ionisation produced by an a particle should be inversely pro- 
portional to its velocity. This deduction is in fair accord with ob- 
servations of the ionisation in air for a particles of ranges between 
8*6 and 2 cm., but is probably only a rough approximation to a much 
more complicated law of variation (see §§ 22, 22a). 

* I. Curie and F. Behounek, Jcmm. <le Phys. 7, 125, 1926. 

t I. Curie and F. Joiiofc, C.R . 187, No. 1, p. 43, 1928. 
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Geiger early suggested that the general shape of the ionisation 
eurve could be explained by supposing it to be the average effect 
of a number of a particles of different ranges. He supposed that the 
ionisation curve of a single a particle varied nearly inversely as the 
velocity until close to the end of the range and then fell off sharply 
to zero. At that time, however, he relied on the straggling curve 
obtained by the scintillation method (§ 23 a), but this, as we now 
know, greatly exaggerated the true straggling. 

It is obvious that the shape of the ionisation curve near the end 
of the range is closely connected with the straggling of the rays, 
i.e. to the inequalities in the range of a particles all expelled 
initially with the same speed. A full discussion of this effect is given 
in § 23. I. Curie determined the straggling directly by measuring the 
lengths of the tracks formed in an expansion chamber by a particles 
from polonium. Knowing the actual distribution of particles as regards 
range, and the ionisation curve, it should be possible to deduce the 
true ionisation curve of an a particle or group of particles which all 
have the same range. This interesting question has been attacked by 
I. Curie from data obtained on the a rays of polonium. By taking 
the ionisation per unit path to be proportional to the loss of energy of 
the a particle, H was found possible by graphical analysis, using certain 
sim A lifying assumptions, to deduce the ionisation curve for an average 
a particle. It was concluded that the true ionisation curve of the average 
particle is very similar in shape to the ordinary ionisation curve, i.e. 
the ionisation passes through a maximum about 4-5 mm. from the end 
of the range in air and then falls off, at first gradually and then more 
rapidly near the end of the range. It is, however, difficult to deter- 
mine the exact shape of the curve by such methods. 

Another interesting method of attack on this question has been 
used recently by Feather and Nimmo*. Observations of the density 
of photographs of the tracks of the a particles obtained by the ex- 
pansion method show clearly that the density falls off rapidly in the 
last few millimetres of the range in air. Measurements of the density 
of a . timber of tracks, in air, hydrogen and helium were carefully 
made by a micro-photometer. Averaging the results for 28 tracks, the 
density was found to be a maximum at a distance 3-0 mm. from the 
end of the track reduced to air at 15° C. and 760 mm. The corre- 
sponding distances in air for hydrogen and helium, corrected for the 
known differences in stopping power near the end of the range, were 
* Feather and Nimmo, Proc. Camb. Phil . Soc. 24, 139, 1928. 
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2-25 mm. for hydrogen and 2-55 mm. for helium. The forms of the 
curves for air and helium showed marked differences. The evidence 
as a whole indicates that the density of a uniformly illuminated 
track, corrected for the characteristic curve of blackening of the 
plate, is a measure of the number of droplets formed and of the 
ionisation of the gas at that point. It will be observed that the 
maximum of the ionisation found by this method varies for the 
different gases and is considerably nearer the end of the range, viz. 
3*0 mm., than that deduced by I. Curie, viz. 4-5 mm. It is suggested 
that the smaller distance for H 2 and He may be connected with the 
smaller probability of capture of electrons by the a particles in these 
gases. 

From the measurements of Briggs (§22), the velocity of an a particle 
of range 3-0 mm. is 0-22 V 0 or 4*2 x 10 s cm. /see., corresponding in 
velocity to a 50 volt electron. On the other hand, the ionisation per cm. 
for an electron passes through a maximum for a speed corresponding 
to about 200 volts*. 

It is of interest also to compare the rate of loss of energy of the 
a particle with the ionisation produced at each element of its path. 
From the data given in § 22 for the retardation of the a particle in air, 
Briggs compared the variation of dT/dx , where T is the energy of the 
a particle from radium C (Curve 1, Fig. 18), with the* ionisation curves 
obtained by Henderson (Curve 2) and Curie and Behounek (Curve 3). 
The results are shown in Fig. 18, where the value of the maximum 
ionisationineach case is made the same. It is seen that the shapes of the 
curves are very similar and pass through a maximum at about the same 
range. A similar result has been found by I. Curie and F. Joliot (loc.cit.) y 
who re-determined the ionisation curve of the a particles from radium 
C. "They conclude that for equal expenditure of energy, the ionisation 
produced is about 2 per cent, greater for the first 3 cm. of the range 
than for the latter part of the range. This excellent agreement between 
expenditure of energy and ionisation is somewhat surprising since it 
is known (§ 18) that, with the exception of the rare gases, only about 
50 per cent, of the energy of the a particle c^n be accounted for as 
ionisation* It thus seems that the fraction of the energy that appears 
as ionisation in air is sensibly constant and independent of the 
velocity of the a particle. Since, as will be seen, the ionisation curves 
in different gases are not always identical in shape, this relation 
between energy and ionisation cannot be generally true, 

* Lehmann, Proc. Roy. Soc. A, 115, 624, 1927. 
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While it is difficult to fix the true ionisation curve for a single 
average particle with precision, the various methods give results 
in fair accord. When we consider the rapid interchange of charges 
of the a particle near the end of its range and the fact that singly 
charged and neutral a particles predominate (vide § 24), it is ob- 
viously not easy to obtain any simple theory of the variation of 
the ionisation with velocity for such complicated processes. It is 
necessary to take into account not only the velocity of the a particle 
and its charge, but also the motion of the electron in the atoms of 
the gas. 
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Henderson (loc. cit.) has shown that the pronounced tail of the 
ionisation curve (vide Fig. 17) is to be expected from the theory of 
straggling given by Bohr (§ 23). There is always a certain probability 
that a small fraction of the a particles will lose much less energy by 
collisions # than the average particle and thus travel farther. The 
presence of a very small fraction of such favoured particles can be 
detected several millimetres beyond the “extrapolated range'’ win n 
the t tacks of an intense beam of a particles in an expansion chamber 
are photographed. Henderson has estimated the effect of this straggling 
on the ionisation curve, and the calculated values are shown by 
crosses in Fig. 17 (left) for the end of the curve. 

The shape of the ionisation curve beyond the maximum, including 
the straight portion and the tail of the curve, can thus be accounted 
for in a general way by the theory of straggling and variation of the 
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ionisation of the a particle near the end of its path. Gibson and 
Eyring * have pointed out that the straggling in air and other gases 
can be simply estimated on certain assumptions by determining the 
slope of the ionisation curves near the end of the range and with 
results in good accord with other observations. 

We have so far considered the ionisation curve in air only. It 
was early noted by T. S. Taylorf that the maximum of the ionisation 
curve in hydrogen was much more pronounced than in air. In sub- 
sequent experiments, the ionisation curves for the a rays from polonium 
were compared for hydrogen, helium, and air. F. Hauer J determined 
the relative ionisation at different parts of the range for air, 0 2 , C0 2 
and He and found small but evident differences. He concluded that 
the loss of energy of the a particles was not accurately proportional 
to the ionisation but was a function of the velocity of the a particle 
and the molecular weight of the gas. 

Some recent experiments on this subject have been made by 
G. Gibson and E. Gardiner §, using the a rays from polonium for the 
purpose. Allowing for differences in stopping power, they found the 
shape of the ionisation curves very similar in helium, nitrogen and 
air, but differing markedly from the curves for hydrogen and neon. 
They also compared the relative ionisation and stopping powers in 
anumberof complex gases. For example, Gibson and Eyring (loc. cii.) 
found the ionisation in nitrous oxide, nitric oxide and air to be pro- 
portional at ail points of the range, but the ionisation in methyl 
iodide showed systematic deviations. 

We have seen that the fraction of the absorbed energy of the 
a particle spent on ionisation in air appears to be nearly constant 
at ail points of the path of the a particle. From the above results 
we should expect a similar result to hold for helium and nitric and 
nitrous oxides. If this be the case, the fraction cannot be constant 
in the case of hydrogen but must depend on the velocity of the a 
par;fcie. 

In general, the results so far obtained indicate that the ionisation 
is not in all cases proportional to the absorption of energy from the 
a particle but depends on the velocity of the a particle and on the 
nature of the gas. Such a result is not unexpected since, in the case 

* Gibson and Eyring, Phy*. Itev. 30, 553, 1927. 

f T. S. Taylor, Phil. Mag. 21, 571, 1911; 26, 402, 1913. 

% Hauer, Wien. Ber. 131, 583, 1922. 

J Gibson and Gardiner, Phy a. Rev. 30, 543, 1927. 
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of diatomic and polyatomic gases, it is known that only about half 
of the energy absorbed can be accounted for by ionisation. It is 
rather a matter of surprise that there should be such a close relative 
agreement between ionisation and absorption of energy for a number 
of gases over a wide range of velocity of the a particle. A further 
discussion of this general question will be found in §§ 18 and 28. 

§ 17. Number of ions produced iJy an a particle. It is of con- 
siderable importance to know accurately the total number of ions 
produced in gases by the complete absorption of an a particle of 
known energy, as this gives us information about the average energy 
required to produce a pair of ions under definite conditions. The first 
accurate determination was made by Geiger* * * § in 1909, in which the 
ionisation produced by a definite pencil of a rays from radium C was 
measured in hydrogen. He found the total number to be 2*37 x 10 5 , 
but diis depended on data which are now obsolete. The calculation 
was based on the assumption that the ionic charge was 4*65 x 10~ 10 , 
while the accepted value is now 4*77 x 10~ 10 k.s.u. The number Q 
of a particles expelled from 1 gram of radium per second was taken 
as 3-57 x 10 10 . Taking Q - 3*7 x 10 10 (§ 13), the number of ions 
reduces to 2*2 x 10 5 . Another determination has been made by 
Fonovits-Smereker f in 1922, where the ionisation current in air 
due to a particles from radium V was measured by a galvanometer. 
She found the number of ions produced by an a particle from radium 
0 to be (2*20 ± 0*02) x 10 5 . This is seen to be in good accord with 
Geiger’s value. 

New determinations of this quantity have been made by Bracelm* 
and by I. ('uric and F. Joliot§, who both find a value 2*2 x 10 5 
for Q 3*70 x 10 10 . Assuming this value, the average energy to 
produce a pair of ions can at once be deduced. The energy of an 
a particle from radium C, using the latest data (§ 19), is found to be 
7*68 x 10° electron-volts. The energy required to produce a pair of 
ions ‘ i air is consequently about 35 volts. 

If we take a pencil* of a particles from radium C, for example, the 
ionisation per mm. of path in air at 15° C. and 760 mm. for the 
average a particle can be deduced from the ionisation curve shown 

* Geiger, Proc. Pay, Soc. A, 82, 486, 1909. 

t Fonovite-Smereker, H'ien. Ber. 131, 355, 1922. 

t Bracelin (unpublished). 

§ I. Curie and F. Joliot, C.R. 187, 43, 1928. 
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in Fig. 16. The total number of ions produced by absorption of the 
average a particle is taken as 2-20 x 10 6 . The range of the a particle 
is 6-97 cm. 


Extrapolated range 
of a particle at 

15° C. and 760 mm. 

(cm.) 

No. of ions per 
mm. of path in 
air at 15° C. and 

760 mm. 

70 

2440 ' 

60 

2480 

50 

2540 

40 

2680 

30 

2880 

20 

3440 

1 -5 

3960 

10 

4800 

0-47 

6000 

0-21 

4500 


The results are only approximate and apply to a particle of average 
range. As we have seen (§ 16), the ionisation in air of a single track 
is a maximum about 3 mm. from the end of its range. 

It is known that a considerable part of the ionisation produced 
by an a particle is secondary in character, due to the ionisation pro- 
duced by the swift electrons (8 rays) liberated by the passage of the 
a particle through matter (§§ 28 and 29). The average energy required 
to produce an ion with a rays should consequently be about the same 
as that observed for electrons of moderate speeds corresponding to 
energies of a few hundred volts. It is of interest to note that Leh- 
mann* finds the average energy to produce an ion in hydrogen is 
37*5 volts and in helium 33 volts for 400 volt electrons. The value 
found for air is higher, about 45 volts (v. p. 499). There is consequently 
a rough agreement between the average ionisation energies observed 
for a particles and slow electrons. 

Taking Geiger’s relation V 3 = aR connecting the velocity and 
range of a particles, V 2 cc R 2,3 y and assuming that the total ionisation 
due to an a particle is proportional to the energy of the a particle, 
the total ionisation of a particle of range R should be proportional 
to R 2/3 . This simple relation between range and total ionisation has 
been found to be in fair accord with observation. It has proved 
very serviceable in estimating the total a ray ionisation to be ex- 
pected irom a thin film containing a series ot products in equilibrium. 

* Lehmann, Proc. Roy . Soc. A, 115, 624, 1927. 
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Measurements of this kind have been made by Boltwood*, McCoy and 
Lemanf . For example, it can be calculated that the ionisation due 
to radium in equilibrium with its products, radon, radium A and 
radium C, should give 4-09 times the ionisation due to the radium 
atom. The experimental value was 4*11. Similarly concordant 
results have been observed among the other series of radioactive 
elements. 

Using a very sensitive electrometer, H. ZiegertJ has detected in- 
dividual a particles and measured directly the total ionisation in 
air due to each. He found the total ionisation due to the a particle 
from U I to be M6 x 10 5 , from U II 1-29 x 10 5 and Ra 1-30 x 10 5 . 
These values are in fair accord with the values calculated from the 
ranges. 

§ 18. Ionisation in different gases. It is of great interest to com- 
pare ihe relative ionisation produced in different gases corresponding 
to definite absorption of energy from a beam of a particles, as this 
gives valuable information on the relative energy required to pro- 
duce ions in different gases. This question was early examined by 
a number of investigators including Rutherford, W. II . Bragg, 
Lab;\ Klceman and more recently by Hess and Hornyak, and 
Guiney One of the chief difficulties in such comparisons Is to 
ensure complete saturation in the ionised gas. This is particularly 
marked in complex gases and vapours of high molecular weight on 
account of the great density of the ionisation along the track of the 
a particle and the slow mobility of the heavy ions. Some of the 
discrepancies in earlier observations are no doubt to be ascribed to 
this cause. 

It is to be anticipated that the average energy required to produce 
an ion would depend markedly upon the ionisation potential of the 
atom. It is of special interest to compare the relative ionisation in 
the monatomic gases, for which the ionisation potentials are known, 
with he ionisation in the simpler diatomic gases, where energy may 
be absorbed in dissociating the molecules as well as in ordinary 
ionisation and excitation. 

A careful comparison of the ionisation in the monatomic gases for 
corresponding parts of the range of the a particles has been made 

* Boltwood, Amer. Journ. Sri. 25, 209, 1908. 
t McCoy and lA'inan, Phys. R«*. ft, \84. \9\5. 
t H. Ziegert, Zeit. f. Phys. 4ft, 608, 1928. 
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by Gurney*. A thin film of polonium served as a convenient source 
of a rays. A pencil of the rays passed through a mica window and 
was completely absorbed in an upper ionisation chamber to which 
an electroscope was attached. The average range of the rays entering 
the chamber could be varied by adjusting the pressure of gas between 
the source and the mica window. The results obtained are illustrated 
in Fig. 19, where the ionisations for different gases are compared with 
that for air taken as unity for a particles of ranges between 3 and 



20 mm. of air. The ionisation shown in the curve represents the total 
ionisation due to absorption of the a particles of given range. It is 
seen that the relative ionisation depends not only on the gas buc also 
on th"! rverage velocity of the a particles. 

The curves for the rare gases and also hydrogen show a similar 
slope indicating a marked increase of the ionisation compared with 
air near the end of the range. 

The relative ionisations by a particles of residual range 7 mm. are 
shown in the table. 

Air 1*00 Nitrogen 0*98 Argon 1 *38 

Hydrogen 1*97 Oxygen 108 Kiypton 1-53 

Helium 1*26 Neon 1*28 Xenon 1-68 

* Gurney, Proc . Boy . Soc. A, 107, 332, 1925. 
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It is of interest to compare the relative ionisation with the atomic 
number and lowest ionisation potentials of these gases. 


Gas 

Atomic 

number 

Energy spent 
per ion pair 
(volts) 

Ionisation 

potential 

(volts) 

Energy 

difference 

(volts) 

Hydrogen 

1 

.330 

16-5 

16-5 

Helium 

2 

27-8 

24-6 

3 2 

Nitrogen 

• 7 

350 

170 

180 

Oxygen 

8 

32-3 

15-5 

16-8 

Neon 

10 

27-4 

21-5 

5-9 

Argon 

18 

25-4 

15-3 

101 

Krypton 

30 

22-8 

?130 

? 9-8 

Xenon 

54 

20-8 

? 1 1 *0 

? 9-8 


The exact values of the ionisation potential of krypton and xenon 
are not known with certainty but have been estimated. The third 
colum?' gives the energy expressed in electron-volts required to 
produce a pair of mis, assuming Giat the average energy required to 
produce a pair of ions in air corresponds to 35 volts (§ 17) and not 
33 volts as taken by Gurney. 

It is at once seen that for the diatomic gases examined, viz. 
H*> ^*- 0 2 , tli- difference between the energy spent and the minimum 
energy required to ionise the atom shown in the last column is very 
marked. Tn fact only about half the energy spent is required to 
ionise the atom. r , his would indicate that a considerable part of the 
energy of the c particle is used up in processes which do not involve 
ionisation, i.e. in excitation or dissociation of the molecules. On the 
other hand, the differences are comparatively small for helium and 
neon, indicating that only a small part of the energy of the 
« particles goes in excitation in these gases. The difference is smallest 
m the case of helium. This is especially noteworthy when we recall 
that Wilkins* found marked evidence of double ionisation in helium 
amounting- near the end of the range, to about 10 per cent. Since 
it requires 1-8 times more energy to eject both electrons from a 
lelium atom than to liberate two separately, the average ionisation 
potential to be taken for helium should be about 27 volts. This 
would indicate that very little, if any, energy is lost in helium by 
excitation. It will be seen from the theoretical discussion in § 28, that 
practically all the available energy appears as ionisation in the caso 
of helium. 
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The total ionisation relative to air in a large number of gases and 
vapours has been determined by various investigators using different 
methods. As already pointed out, there are in some cases consider- 
able discrepancies between the values due in part to the difficulty 
of obtaining complete saturation. For example, values for oxygen 
have been found varying between 1*03 and 1*13 compared with air. 
The most probable value is about 1*08, found by Gurney. The re- 
lative values for the rare gases and also H 2j N 2 , 0 2 for different 
maximum ranges of the a particles can be read off from Fig. 19 due 
to Gurney. The following table, compiled by Kovarik and McKeehan*, 
gives the relative total ionisation observed, mean values being taken. 
Air 1*00 is taken as the standard. 


Gas 

Mean relative 
total ionisation 

T 

i|_ 

Gas 

Mean relative 
total ionisation 

Hj 

99 

jj 

c 2 h 4 o 

105 

N, 

96 

|i 

HCI, HBr, HI 

129 

CO 

101 

j 1 

CU 4 

117 

nh 3 

90 

}! 

ch 4 o 

122 

cs. 

137 

II 

c 2 h 2 

126 

so. 

103 

!! 

ch 3 i 

133 

C,H, 

122 

ji 

c*h 5 i 

128 

C,H, 

130 

j 

CHCIj 

129 

C S H„ 

135 

li 

o 2 h 5 ci 

129 

C,H,0 

123 

i| 

CCI 4 

132 

C.H, 0 O 

132 

ji 

ji 

jj 

CH 3 Br 

132 

C.H. 

129 



It will be seen that the total ionisation does not vary much with 
the molecular weight or constitution of the heavier molecules. The 
ionisation potentials of these gases are not known with sufficient 
precision to make comparisons such as have been done for the rare 
gases and simple diatomic gases. 

§ li. Range of the a particles in gases. The range of the a particles 
can best be determined by the ionisation method first employed 
by Bragg. In some cases the scintillation method has proved useful, 
but on account of the difficulty of counting the weak scintillations 
produced by a particles near the end of their range, this method is 
troublesome and tends to give a slightly lower value of the range 
than the electric method. With strong sources of a radiation, how- 
ever, scintillations give a rapid method of estimating the stopping 
power of absorbing screens when great accuracy is not desired. 

* Radioactivity Bull. Nat. Res. Council , U.S.A. no. 61, p. 72, 1929. 
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A large number of experiments have been made to determine the 
range of the a particles expelled by the various radioactive sub- 
stances. The a particles are expelled from each element at a cha- 
racteristic speed and the total range of the a particle in air or other 
gases allows us to deduce the initial velocity of expulsion of the 
a particle. ^ 

As an example of a simple method for determining the ranges of 
a particles where only weak sources of radiation are available, we 
may refer to the experiments of Geiger and Nuttall*. The general 
arrangement is shown in Fig. 20. A thin layer of 
the active material is placed in the centre of a 
bulb on the small metal disc B which is connected 
with an electrometer through the rod H. The 
bulb was spherical and of 7*95 cm. radius and 
silvered on the inside. A high voltage was applied 
to the bulb and the saturation current measured 
for different pressures of air. For low pressures, 
the cum lit i& found to vary nearly proportionally 
with the pressure : but when the pressure reaches 
a value such 4 hat the a particles are completely 
absorbed in the gas, the current reaches a maxi- 
mum value and there is no further change with 
increase of prcssin e. In order to obtain the best 
results the active matter on the disc should be in 
the form of a thin film of a few millimetres diameter. Illustrations of 
the results obtained are shown in Fig. 2 1 , where the ordinates represent 
the ionisation current and the abscissae the pressure of air in the 
bulb. It is seen that there is a sudden break in each curve, at a 
definite pressure corresponding to the point where the a particles 
just reach the surface of the bulb. Since the range of the a particle 
is inversely proportional to the pressure, the range in air at atmo- 
spheric pressure can at once be deduced. 

By an adaptation of a method employed by Geiger and Nuttall 
in 1912, a very complete and accurate determination of the ranges 
of a particles from the radioactive elements was made by Geiger f in 
1921. The general arrangement of the apparatus is shown in Fig. 22. 
The uppej and lower vessels Z x and Z 2 were separated by a brass 
plate AB in which 500 holes were bored, each 15 mm. long and 3 mm. 

* Geiger and Nuttall, Phil. 3/ay. 22, 013, 1911 ; 23, 445, 1912. 

t Geiger, ZeU. /. Phys . 8, 45, 1921. 
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diameter. This served to produce a pencil of nearly parallel rays 
entering Z x . A thin sheet of mica was waxed over the openings so 
that the vessels Z x and Z 2 could be separately exhausted. If the 
source emitted radioactive gases, these were prevented from entering 
the chamber by waxing a thin mica plate over the source. During 
an experiment, the pressure of air in Z x was adjusted between 3 and 
6 mm. and the ionisation in Z x measured by an electroscope for 
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Fig. 21. 

different pressures of air in the lower chamber. In this way, the end 
of the Bragg curve could be traced and the “extrapolated'* range 
determined for each set of a rays by the method described in § 16. 
The apparatus was calibrated by using radium C as a source of 
a rays for which the extrapolated range was found in a separate 
experiment. The extrapolated range found by Geiger was 6*971 cm. 
at 15 c G\, a value in good accord w ith the measurements of Henderson, 
6*963 cm., and I. Curie, 6*96 cm., at the same temperature. 

All the ranges given in the table on p. 86 were carefully redetermined 
by Geiger, except the ranges of a particle^ from V I and U II and 
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thorium. The ranges for the uranium products were deduced from 
the original experiments of Geiger and Nuttall, by comparison with 
the range of the a rays from ionium. These ranges have also been 
measured by Gudden (see § 38), by observations of the diameter of 
the rings in the haloes of radioactive origin found in fluorite. The 
two haloes due to the two sets of a particles from uranium were 
distinctly seen, and the ranges estimated in terms of air at 15° C. were 
2*83 cm. and 2-91 cm., values somewhat smaller than those found by 
Geiger. 

Recently the ranges for U I and U II have been measured by 
Laurence* by a new method. A thin 
film of uranium was placed on the 
cylindrical surface of an expansion 
vessel of the Shimizu type (§ 12 d). 

A large number of a ray tracks were 
photographed and the ranges were 
measured. L: terms of air at 15° C. 
and 700 mm., the range of the 
a particles for II I was found to be 
2-73 'm., ‘‘or V II 3*28 cm. These 
ranges, nhich are believed to be 
correct within ! per cent., are dis- 
tinctly greater than those found by 
the two other methods. 

The range of the a rays from 
thorium is uncertain, as it is difficult 
to free it from radiothorium. The 
probable error of each determination 
is given in the original paper of 
Geiger. The range for protactinium is not known with certainty. 

The resfilts obtained by Geiger for the ranges of the a particles in 
air at '’GO mm. and 15° C. are given in column 2 of the following 
table. In column 3 are given the velocities calculated on Geiger's 
rule ; in column 4 the velocities estimated by Briggsf from the direct 
determination of the velocities of different groups of particles of 
known range, viz. radium C', radium F, thorium C' and thorium C. 
The valu< s given by Briggs for the velocities and energies have been 

* Laurence, Trans, Nova Scotia Inst. . Sec. 17, pt 1 , p. 103, 1927; Phil. Mag. 5 , 
1027, 1923. 

t Briggs, Proc . Roy. Soc. A* 118, 649, 1928. 
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slightly changed to fit in with the latest value of EjM for the helium 
atom given in § 10 6. 


I 

Substance 

Range in 
cm. at 

15° C. 

Velocity in 

V oc i'R 

cm. per sec. 

From velocity 
curve for 
radium C' 

Energy in 
electron volts 

Uranium I 

2-73 

1-401 x 10* 

1-391 x UP 

4-049 x UP 

Uranium II 

3-28 

1-495 x 10 9 

1-492 > 1(P 

4-626 > UP 

Ionium 

3- 194 

1-482 > 10 9 

1-479 x 10 9 

4-545 > 1(P 

Radium 

3-389 

1-511 > 10° 

1-511 x UP 

4-744 x 10* 

Radon 

4-122 

1-613 10 9 

1-618 -• 10 9 

5-441 v UP 

Radium A 

4-722 

1-688 • 10 9 

1-695 x UP 

5-972 * UP 

Radium C' 

6-971 

1-922 10 9 

1-922 xlO 9 

7-683 x 10* 

Radium F* 

3-925 

1-587 , 10 9 

1-590 <10 9 

5-253 x 1(P 

Protactinium 

3-673 

1-552 - 10 9 

1-553 xlO 9 

5-013 ^10 8 

Radioactinium 

4-676 

1-683 • 10 9 

1-688 xlO 9 

5-923 x UP 

Actinium X 

4-369 

1-645 xlO 9 

1-650 x 10* 

5-659 x IIP 

Actinon 

5-789 

1-807 xlO 9 

1-810 /10 9 

6-819 x UP 

Actinium A 

6-584 

1-880 -:10 9 

1-887 - 10* 

7-405 x 10 6 

Actinium C 

5-511 

1-777 x 10 9 

1-783 x 10» 

6-610 > 1(P 

Thorium 

2-90 

1-435 x 10® 

1-437 xlO 9 

4-231 <10 8 

Radiothorium 

4-019 

1-600 v 10 9 

1-604 xlO 9 

5-347 / UP 

Thorium X 

4-354 

1-643 K) 9 

1-648 x 10* 

5*645 v l<p 

Thoron 

5-063 

1-728 10* 

1-733 x 10 9 

6-244 x 10 8 

Thorium A 

5-683 

1-796 xlO 9 

1-800 xlO* i 

6*737 x 1(P 

Thorium Ct 

4-787 

1-696 10* 

1-701 x 10* 1 

6-015 ' 10 8 

Thorium C' 

| 8-617 

2-063 x 10 9 

j 2 052 - 10 9 

8-761 x HP 


In column 5 is given the energy of the a particle; this is most 
conveniently expressed in volts, i.e. the potential difference in volts 
through which an electron must fall freely to acquire the energy of 
the a particle. The range of an a particle in a gas depends only on 
the number of atoms which it encounters in its path, and thus varies 
inve^ly as the pressure of the gas and directly as its absolute 
temperature. It is often convenient to express the ranges of kx particles 
in air under normal laboratory conditions. For this reason the 
ranges are given for normal pressure at 15° C. 

The number of pairs of ions produced by complete absorption of 
an a particle in air is approximately proportional to i? 2/3 , where i? 

* G. I. Harper and E. Salaman ( Proc . Roy. Soc . A, 127, 175, 1930) find the 
range of the a rayB from radium F to be 3 87 cm. in air at 15° C. This is lower 
than Geiger’s value but agrees with the observations by T. Curie (Annales de 
physique, 3, 299, 1925). The ranges in hydrogen and argon have also been 
measured. 

t Roefixblum (CM?. 190, 1124, 1930) has measured the energies of the different 
groups of a particles emitted during the disintegration of thorium C (t>. p. 47). 
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is its range and can be at once calculated since it is known that the 
total number of ions produced by an a particle from radium C' is 
2*20 x 10 5 (§ 7). 

An approximate relation between the velocities of the a particles from 
different products and their period of transformation is discussed in § 35. 

§ 20. The long-range a particles. In addition to the groups of 
a particles which have been assigned to a definite product in the 
radioactive series, there have been found associated with the complex 
bodies radium C and thorium C a few particles of abnormally long 
range. The first observation of these long-range particles was made 
by Rutherford and Wood* in 1916. When absorbing screens sufficient 
to stop completely the a particles of 8-6 cm. range were placed be- 
tween a thorium C source and a zinc sulphide screen they still ob- 
served a small number of scintillations, which they attributed to 
an unknown group of long-rarge a particles. The range of these 
particles was found to be about 11-3 cm. in air, and their number 
was about I On for every 10* a particles emitted from the source. They 
obtained indications that roughly one-third of these particles had 
a range of about K) cm., but the evidence was not definite. 

Later Rutherford f observed, during the investigations which led 
to the discovery of the artificial disintegration of nitrogen, that the 
a particles of nudum C were accompanied, in their passage through 
nitrogen and oxygen, by a small number of particles which had a 
range in air of about 9 cm . On account of their small number — 
about 28 in 10 8 of the normal a particles — it has been difficult to 
fix with certainty the origin and nature of this group of long-range 
particles. For various reasons Rutherford at first concluded that 
these particles were not emitted by the source of radium C but 
arose in the volume of gas exposed to the collisions of the a particles, 
and suggested that they might prove to be atoms of nitrogen and 
oxygen set in rapid motion by close collision with an a particle. In 
later experiments { ho examined the deflection of these particles in 
a magnetic field and concluded from his results that the particles 
probably had a mass of ^ and carried a double positive charge, and that 
they were indeed isotopes of the ordinary a particles. Subsequently, 
however, similar measurements § of the magnetic deflection of the 
more numerous long-range particles from thorium C showed that 

♦ Rutherford and Wood, Phil. Mag. 31, 379, 1916. 

t Rutherford, Phil. Mag. 37, 537, 1919. 

t Rutherford, Proc. Roy . Soc. A, 97 , 374, 1920 

§ Rutherford, Phil. Mag. 41 , 570, 1921. 
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these particles had a mass of 4, that is, were ordinary a particles. 
This result threw grave doubt on the former conclusions about the 
nature of the particles from radium C, and further investigation 
showed that these also were a particles, and, moreover, that most 
probably they were emitted by the source of radium C and were not 
produced by collision in the gases traversed by the a particles. 

A detailed search for the presence of long-range particles from 
radium C, thorium C, actinium' C, and polonium *was made by Bates 
and Rogers* in 1924. They reported the presence of new groups of 
long-range particles from all these products, but the existence of 
most of these was not substantiated by the later investigations of 
Yamadaf, Pliilipp J, Mercier§ and others. While there is no certain 
evidence that actinium C or polonium emit any particles with ranges 
greater than those of the known a particles, it is now generally accepted 
that both radium C and thorium C give two groups of long-range 
particles. The earlier suggestion of Rutherford and Wood that the 
long-range particles from thorium C consist of two sets was definitely 
proved b} r Meitner and Freitaglj, who obtained tracks of the particles 
in a Wilson expansion chamber, and by Philipp, by the scintillation 
method. The ranges of the groups were given as about 9-5 cm. and 
1 1-5 cm., the latter group being the more numerous. The second 
group of particles from radium C was found by Bates and Rogers, 
and confirmed by Rutherfprd and Chadwick . In both cases the 
scintillation method was used. The particles have a range in air of 
about 11*2 cm., and are fewer in number than those of 9 cm. range. 

The origin and nature of these long-range particles was a matter 
of some importance, for it seemed not improbable that they might 
be the result of the artificial disintegration of matter exposed to 
the bombardment of the ordinary a particles. A series of experi- 
ments to decide this question in the case of the particles from 
radium C was carried out by Rutherford and Chadwick. -Attention 
was directed mainly to the particles of 9 cm. range, for the number 
of the 11 cm. particles was found to be too small to permit a detailed 
investigation. 

In the first place, the number and range of the particles was 

* Bates and Rogers, Proc. Roy. Soc. A, 105, 97, 1924. 
f Yamada, C.R. 180, 436 and 1591, 1925; 181, 176, 1925 and more. 

\ Philipp, Nalurwiss. 12, 511, 1924. 

} Mercier, C.R. 183, 962, 1926. 

|i Meitner and Freitag, Ztil. j. Phys. 37, 481, 1916. 

Rmherford and Chadwick, Phil. Mag. 48, 509, 1924. 
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examined when the a rays of radium C were passed through different 
materials, in particular through the gases helium, oxygen, carbon 
dioxide, and xenon. The long-range particles appeared in equal 
amount and with the same energy in all these cases. As it is improb- 
able that different atoms, and especially the helium atom, would be 
disintegrated in exactly the same way and to the same extent, these 
results suggested strongly that the particles are emitted by the source. 

This view was confirmed in a simple way by a shadow method, 
the principle of which will be clear from the diagram of Fig. 23. 
When the pressure of the gas, in this experiment carbon dioxide, 
was reduced to allow the main a rays from the source S to reach the 
zinc sulphide screen Z, a sharp shadow of the edge B was formed on 
the screen at P. The position of the observing microscope was ad- 
justed so that a cross- wire in the eye-piece coincided with the edge 



of the shadow. The pressure of the gas was then raised to cut off the 
main a rays, and the scintillations due to the long-range particles 
were observed. It was found that no scintillations occurred below 
the edge of the shadow. This showed either that the long-range 
particles are emitted from the source, or, if they arise in the gas, 
that their direction of emission cannot make an angle of more than 
a few degiees with the direction of the colliding a particle. For 
example, if the long-range particles were produced in the gas and 
if their direction of emission made even a small angle with the 
direction, say ST, of .the impinging « particle, then scintillations 
would be observed on the screen below P, say at a point Q. 

Taken in conjunction with the previous evidence, this experiment 
gave a simple and direct proof that the long-range particles are 
emitted by the source. There still remained the possibility that the 
particles were produced in the material on which the radium C was 
deposited. As, however, no difference in the number or range of the 
particles could be found when the active matter was deposited on 
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platinum, copper, brass, or nickel, it was concluded that the particles 
are emitted directly by radium C. 

The magnetic deflection of the particles of 9 cm. range was 
measured by two methods, of which the first will be described. An 
arrangement similar to that of Fig. 23 was used, in which the particles 
passed through an atmosphere of carbon dioxide and threw a shadow 
of a graphite edge on a zinc sulphide screen. If a strong magnetic 
field were applied at right angles to the path of th£ rays and the plane 
of the paper, the particles would be deflected and the shadow of the 
edge would move downwards, say. On reversing the direction of 
the field, the shadow will move upwards. The distance between the 
two positions of the shadow gives a measure of the value of mv/e for 
the particles. 


S 



The xpparatus was calibrated by observing the deflection of the 
shadow cast by the a rays of range 8*6 cm. emitted from a source 
of thorium (B -f- C). The number of scintillations was so great as to 
give a definite edge to the beam of rays and the distance between 
the two positions could be measured accurately. The number of 
long-range particles was not sufficient to show at once the edge of 
the shadow, and for these the position of the edge was found by 
counting the number of scintillations which appeared as the micro- 
scope was moved into the beam of particles. An example of such 
a measurement is shown in Fig. 24. The ordinates give the numbers 
of particles counted for the different positions of the microscope 
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given by the abscissae. The point of intersection of the curve with 
the base line gives the position of the edge of the shadow. The 
distance between the two positions of the edge found in this experi- 
ment was 0*165 inch, and in another similar experiment 0*166 inch. 
In the calibration experiment with a particles of 8*6 em. range the 
distance between the two positions was 0T73 inch. The measurements 
showed, therefore, that the long-range particles have very closely 
the same value of nw/e as a particles 6f the same range. 

The experiments outlined above led, therefore, to the conclusion 
that the long-range particles observed with sources of radium C are 
a particles arising from the disintegration. While the evidence in 
the case of the particles of 9 cm. range is very convincing, that for 
the 11 cm. particles is, on account of the difficulties due to their 
small number, less conclusive. The long-range particles of thorium C 
have not been investigated in such detail, but there is no reason to 
doubt that these also are a particles resulting from new types of 
disintegration of ;horium C. 

§ 20 a. Numbers and ranges of the particles. The data which have 
been oltained by different experimenters of the numbers c f the long- 
range particles relative to the number of particles emitted in the 
main type »»f disintegration are not in good agreement. The most 
reliable estimates aie probably those of Rutherford and Chadwick for 
the particles from radium C, and of Philipp for the particles from 
thorium C. In both cases the observations were made by the scintilla- 
tion method. The results of Philipp agree well with those of Meitner 
and Freitag deduced from photographs of tracks obtained in the 
expansion chamber. 

The following table gives the relative proportions of the long-range 
particles and the normal particles. 

# Radium C. 28 of ca. 9 cm. range 
5 of ca. 11 cm. range 
10® of normal particles of 7 cm. range. 

Thorium C. 65 of ea. 9 '5 cm. range 

180 of ca. 11 *5 cm. range 
10® of normal particles of 8*6 cm. range. 

The ranges of the particles have been measured recently with 
some accuricy by Nimmo and Feather*. Tracks of the particles 
were obtained in an expansion chamber operated under well-defined 
conditions and photographed. The mean range of the particles was 
obtained from a statistical study of the lengths of the tracks and 

* Nimmo and Feather, Proc . Roy . Soc. A, 122, 668, 1929. 
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a comparison with the lengths of the tracks of the normal a particles 
taken under the same conditions of experiment. The results obtained 
with sources of thorium C are shown in Fig. 25, in which the ranges 
of the tracks of about 550 long-range particles are recorded. The 
ranges are given in centimetres of standard air, i.e. at 15° C. and 
760 mm. pressure, on the assumption that the mean range of the 



Fig. 2.5. 

normal a particle of thorium ('/ is 8-54 cm. It will be seen that, in 
confirmation of previous experiments, the long-range particles from 
thorium C fall into two groups. The mean ranges, on the above 
assumption, are 9*82 cm. and 11-62 cm. in standard air. The corre- 
sponding ranges extrapolated from an ionisation curve were taken 
to be 9-90 cm. and 1 1-70 cm. 

The number of particles in the group of longer range was about 
five times the number in the shorter group, as compared with a ratio 
of three to one found both by Meitner and Freitag and by Philipp. 
A few tracks were observed which had ranges greater than 12-5 cm. 
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and which appeared to be due to a particles ; their number was how- 
ever too small to allow any definite conclusion to be drawn. 

The results obtained by Nimmo and Feather when sources of 
radium C were used are shown in Fig. 26. It is seen that the results 
do not permit such a clear interpretation as in the case of thorium C. 
There appears a well-defined group of particles with a mean range of 
9*08 cm. (in air at 15° C. and 760 mm. pressure), but in addition there 
is a fairly general distribution of the* particles with ranges between 
about 7-5 cm. and 12 cm. The main features of this distribution can 



Fig. 26. 

be explained by assuming the presence of two other groups with 
mean ranges of 8-0 cm. and 110 cm., and possibly a further group 
of mean range of about 10 cm. Such an explanation is perhaps 
preferable to a suggestion of a continuous spectrum of a particles. 

Similar experiments on the long range a particles from radium C 
have been carried out by Philipp and Donat*, using the expansion 
method. There is in general a fair agreement with the results of 
Nimmo a: 1 Feather, both as regards the relative number and ranges 
of the main groups of a particles. 

While the conclusions deduced from the experiments differ 
markedly from those from the scintillation experiments previously 
quoted, it is easy to see that a distribution of particles as shown in 
Fig. 26 would produce an effect in the latter experiments similar 
to that of a group of particles of 11 cm. range. The number of tracks 
of long-range particles was too small to give more than tentative 
* Philipp and Donat, Zeii. /. Phyg. 52, 759, 1929. 
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values for the ranges of the less prominent groups, or to give a 
reliable estimate of the relative intensities of the groups. 

Some of the photographs of long-range tracks obtained by Nimmo 
and Feather are shown in Plate V, figs. 2, 3 and 4; fig. 4, taken with 
thorium C, shows on the left a track of range 11*47 cm. and on the 
right a long-range track which has experienced a close collision. It 
is clear from the sharpness of the track that the plane of the collision 
and the object plane of the camera nearly coincide, and consideration 
of the angles of the fork and the length of the short spur indicates 
very strongly that the collision was between an a particle and a 
nitrogen atom. This photograph thus provides additional evidence 
of the nature of the long-range particles. 

§ 20 b. The origin of the particles. It has been shown in the experi- 
ments which have been described that the long-range particles are 
a particles and are emitted from the complex bodies radium C and 
thorium C which consist of C, C' and C" products. There is at present 
no evidence which enables us to assign them definitely to any one of 
these three bodies*. It is generally assumed that the long-range particles 
are associated with the C' bodies, and this assumption receives some 
support from the fact that long-range particles have not been observed 
with sources of actinium C, in which the product actinium C' is present 
only in very small amount (§ 7). The particles may then be con- 
sidered to arise in either of two ways. If we ascribe each group of 
particles of definite range to a separate radioactive product, we 
must suppose that there are three or perhaps four isotopes of radium 
O', and two of thorium O', which have been formed by extra {$ ray 
branches at the parent bodies radium C and thorium C. If the 
Geiger-Nuttall relation holds for these new bodies, their periods of 
decay must be exceedingly short. On the other hand, we may suppose 
that tlie long-range particles do not exist in the nucleus with their 
abnormally high energies, but that they are a particles of the normal 
groups which have received in some way, just before their ejection, 
an extra supply of energy. This assumption is perhaps the simplest 
which can be made at present. While there may be some difficulty 
in providing a source for the extra energy required, which is of the 
order of one to two million electron volts, it may be noted that some 
of the y rays emitted by radioactive nuclei have energies of almost 
the same amount. 

* A recent experiment (E. Stahel, Zeit. f. Phys, 60, 595, 1930) shows that the 
long-range particles of thorium are not emitted by the product thorium C*. 
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In this connection it is of interest to compare the groups of long- 
range particles emitted from the two bodies. In each-case the most 
abundant group is accompanied by a group of particles of lower 
velocity containing about one-fifth as many particles. Further, the 
energies of the normal particles of 7 cm. range and of the 8-1 cm. 
and 9-2 cm. particles from radium C are in the ratios 1 : 1-09 : 1*18, 
while the ratios for the energies of the normal particles of 8-6 cm. 
range and the two groups of long-rstnge particles from thorium C 
are 1 : 1*09 : 1*20. The two groups of long-range particles from thorium 
C may then correspond to the 8*1 cm. and 9*2 cm. particles from 
radium C. There is, however, no group from thorium C to correspond 
to the 11 cm. particles of radium C, and the analogy cannot be 
pursued further. Our knowledge of these groups of long-range 
particles has been discussed in some detail, not only because of their 
intrinsic importance in throwing li^ht on the varied modes of dis- 
integration of a radioactive nucleus, but also on account of the 
evidence they give us on the maximum energy that can be released 
in a transformation. In addition, it has been of great importance 
to fix definitely the nature and origin of these particles and to be 
certain tuat they were* not of secondary origin but were helium 
nuclei expelled from the radioactive nucleus. "Hie energy of the 
swiftest a particle Lorn thorium C, which has a range of 11*5 cm., 
corresponds to about 10*6 million volts, and this represents the highest 
emission of energy observed in any radioactive transformation. 

§21. Stopping power of substances. When a sheet of matter is 
placed in the path of a pencil of a rays in air, the emergent range is 
reduced by a definite amount and the stopping power of the ab- 
sorbing screen may be expressed in terms of centimetres of air under 
normal condition^. For example, if the emergent" range of the a 
particle from radium C is reduced from 7 cm. to 6 ora., the absorbing 
sheet is said to have a stopping power for a particles of 1 era. It was 
at first supposed that this stopping power waS independent of the 
velocity of the a rays, but later researches brought out clearly that 
the relative stopping jx>wer depended on the velocity of the « particle 
and the at< mic weight of the absorbing material. Taking air as a 
standard, th4 effect of velocity on relative stopping power is small 
for a substance like aluminium or mica, for which the average atomio 
weight is comparable with that of air, B\it becomes marked for an 
element pf high atomio weight like gold. 
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The relative atomic stopping power s of an element of density p, 
thickness t and atomic weight A is given by s = p Q toA/ptA 0 , where 
Pa# A 0 refer to the standard substance for which the stopping power 
is taken as unity. This is easily seen to be the case when we remember 
that the number of atoms in a cylinder of unit cross-section and 
length t contains ptjm atoms, m being the mass of the atom, and that 



CO I > , I < 1 I 

o' f 1 ' 1 1 I 



Ran$e 8 6 4 2 Ocm. 

Fig. 27. 


m/trii** A/A q . In a^similar way the relative stopping power 8 of 
a complete molecule is given by s = p^tJ^lptA^y where M is the 
molecular weight. 

From what we have said it is clear that 8 is not a constant but is a 
complicated function of the velocity of the a particles and the atomic 
weight of the absorber and standard. In order therefore that 8 should 
have a definite meaning, the initial and final ranges of the a particles 
between which the absorption is measured should be specified. 



STOPPING POWER FOR .a RAYS 97 

Many observations of the stopping power of gases and solids were 
early made by Bragg and Kleeman, and these led to the formula- 
tion of the simple empirical rule that the stopping power of an 
atom is proportional to the square root of its atomic weight. Con- 
sidering the complexity of the phenomena involved in the absorption 
of an a particle by matter, it is a matter of interest and also of 
practical convenience that such a simple rule should hold roughly 
over the whole range of the elements! A discussion of this relation 
will be given later (§ 26). 

Observations on the change of stopping power with velocity were 
initially made by Bragg, Kleeman and Masek using the electrio 
method, and by Marsden and Richardson* using the scintillation 
method. Recently Gurney | examined the stopping powers of the 
rare gast. and of hydrogen and oxygen for different ranges of the 
a particles. His results are shown in Fig. 27 where the stopping 
power of air is i.tken as unity. The corresponding values for alu- 
minium and gold are taken from the measurements of Marsden and 
Richardson. It is seen that for the elements of atomic weight greater 
than air the relative stopping power falls off with the velocity of 
the a particle and the difference becomes very marked near the end 
of the range <>f the a particles. The results for hydrogen and helium 
are of especial interest in view of a comparison of the experimental 
results with theory (§ 20). It is seen that the stopping power, as first 
observed by T. S. TaylorJ, increases markedly near the end of the 
range, while the stopping power of helium shows a much smaller 
variation. The results are given in the following table. 


Stopping powers of gases relative to air for selected 
portions of the range . 


I 

11 

8*6- 7-6 cm. 

in 

3-8~3-5 cm. 

IV 

1-4-0 cm. 

V 

0-35-0 cm. 

VI 1 

Xenon 

Krypton 

Argon 

Neon 

Helium 
Hydrogen 
Oxygen 1 

J 

1-98 

1-52 

0-98 

0-623 

0-173 

0-206 

107 

1-95 

1*43 

0-93 

0-597 

0-175 

0- 214 

1- 05 

0-92 

0-555 

0-247 

i 

151 

107 

0-914 

0-437 . 

0-179 

0-309 

0-981 

1-804 (B) 
1-330 (B) 
0-930 (B) 
0-586 (B) 
0-1757 (B) 

0- 224 (T) 

1- 043 (R) 


* Marsden and Riohardson, Phil. Mag . 25 , 184, 1913. 
t Gurney, Proc. Roy. Soc. A, 107, 340, 1925. 
t Taylor, Phil. Mag. 20 , 402, 1913. 

RRS 
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Column VI gives the results of a careful determination by Bates* of 
the stopping power of the rare gases over the last 4 cm. of the range, 
using the scintillation method. We should expect the values to lie 
between those given in columns III and V, and this is seen to be the 
case. Gibson and Eyringf have compared the relative ionisation 
and stopping powers in a number of complex gases. 

If we compare Fig. 27 with Fig. 19 showing corresponding results 
for variation of ionisation with range found by Gurney, it is seen 
that an increase of stopping power s in hydrogen relative to air 
corresponds to an increase of ionisation, while a decrease of s in neon 
corresponds to a decrease in the relative ionisation. The data are not 
sufficient to test definitely whether the change of ionisation is pro- 
portional in these cases to the change in stopping power. It has 
been shown (§ 18) that the ionisation observed in H 2 relative to that 
found in He and Ne is much less than is to be expected from our 
knowledge of their lowest ionisation potentials. This difference in 
ionisation between the monatomic and diatomic gases seems not 
to be connected with their stopping power, which is dependent on 
the result of the primary collisions of the a particles with the atoms 
in their path, but on the secondary ionisation due to the swift 
electrons liberated from the atom. It may be, as Gurney has sug- 
gested, that this secondary ionisation may be very different in 
monatomic and diatomic molecules, depending upon the relative 
amounts of energy of the a rays absorbed in ionisation, excitation, 
and dissociation of the molecules or a combination of these processes. 
It may be that much of the energy of the a rays may be expended in 
diatomic gases in dissociation accompanied by excitation but not 
by ionisation. 

It is of interest to record the ranges of the a particles from radium 
C in H 2 and He. Taylor found a range 30-9 cm. in H 2 and 32*3 cm. 
in Ho at 15° C. and 760 mm., the range in air being 6*93 cm. By 
carefully purifying the helium, Bates in 1924 found a higher value 
for He, viz. 40 cm. This makes the range in H 2 and He 4-5 and 5*8 
times respectively the range in air. 

Van der MerweJ measured the relative lengths of the longest 
tracks in an expansion chamber filled with different gases. The 
results were in good accord with older observations. 

* Bate*, Proc . Roy. Soc. A, 106, 622, 1924. 
f Gibson and Eyring, Phys. Rev. 30, 553, 1927. 
t Van der Merwe, Phil . Mag . 45, 379, 1923. 
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We have seen that Bragg and Kleeman early made a number of 
measurements of the stopping powers of solids and gases which led 
them to the conclusion that the stopping power of an element was 
approximately proportional to the square root of its atomic weight. 
The measurements of the atomic stopping power s were made on 
different portions of the range of the a particle, and are thus not 
strictly comparable. They found that sjV A , where A is the atomic 
weight of the absorber, was approximately a constant over the whole 
range of the elements. They found this rule held also for complex 
molecules where the stopping power is taken as the sum of the 
stopping powers of its constituent atoms. For example, if the atom 
is composed of N 1 atoms of atomic weight A 1 and N 2 of atomic 
weight A 2 , the molecular stopping power is proportional to 

A', Vi, f 

An excellent agreement between calculation and experiment was 
found in most onsey. This additive rule can hold only if the a particle 
expends most < i t its energy in acting on the individual atoms and 
not in dissociating or exciting the molecule. It seems probable that 
the ad iitive ii.lo though very convenient for rough calculation holds 
only to a first approximation. 

In subsequent work by Philipp* out lie stopping power of some liquids 
and their vapours, die additive rule was found to hold for all vapours 
and for normal liquids like benzol and pyridin. but gave too small a 
value for liquids like water and alcohol where association of molecules 
occurs. The effect, however, is small and difficult to account for. 

Von Traubenbergf made a systematic examination of the stopping 
power of a large number of elements by the scintillation method. 
The source of rays was a w ire, about 1 cm. long, coated with radium C. 
The rays passed through an accurate wedge of the material and fell on 
the zinc ^ulpliide screen placed on it. The thickness of the wedge 
was measured for the point where the scintillations stopped. A 
correction was applied for the distance traversed in air, about 
5*5 mm., before entering the metal. The relative stopping power of 
the elements was thus compared for a particles of range between 6*4 
and 0 cm. In the following table the extrapolated thickness of metal 
penetrated >y the a rays from radium C of full range is given. 

* Philipp, Zeit.f. Phys . 17, 23, 1923. 

t von Traubenberg, Zeit. f. Phys. 2, 268, 1920; see also von Traubenberg und 
Philipp, Zeit.f. Phys. 5, 404, 1921. 



100 STOPPING POWER FOR a RAYS 


Ranges in solid elements of the a particles of radium C. 


Element 

cm. x 10 -3 

Element 

cm. x 10~ 3 

Li 

12-91 

Ag 

1-92 

Mg 

5-78 

<M 

2-42 

A1 

4-06 

Sn 

2-94 

Ca 

7-88 

Pt 

1-28 

Fe 

1-87 

Au 

1-40 

Ni 

1-84 

T1 

2-33 

Cu 

1-83 • 

Pb 

2-41 

Zn 

2-28 




The atomic stopping power s of the elements found by him is 
given in the following table. The results for H and He are corrected 
to fit the recent determination by Bates (loc. cit.) of the relative ranges 
of the a particles in those gases, compared with air. The atomic 
stopping power of oxygen is taken as unity. 


Element 

Atomic 

stopping 

power 

sA-i 

Element 

Atomic 

stopping 

power 

sAi 

H 

0-200 

0-20 

Fe 

1-96 

0-26 

He 

0-308 

0-154 

! Ni 

1-89 

0 25 

Li 

0*519 

0-20 

;! 

200 

0-25 

Be 

0-750 

0-25 

i Zn 

2-05 

0-25 

0 

0-814 

0-25 

; Br 

2-51 

0-28 

N 

! 0-939 | 

0-25 

Ag 

2-74 

i 0-26 

0 

1-00 

025 

1 (Vi ! 

2-75 

! 0-26 

Mg 

1-23 1 

0-25 

!' Sn 1 

2-86 ! 

0-26 j 

A1 

1-27 

0 24 

I 

3-55 

0-31 

Si 

1-23 

0-23 

! Pt ! 

364 

0-26 ; 

Cl 

1-76 ! 

0-29 

! ! Au | 

3-73 

0-27 ; 

A 1 

1-80 j 

0-29 

■ | T1 

3-76 

0-27 j 

CA j 

1-69 j 

0-27 

Pb 

3-86 

0-27 ( 


In the third column is given the ratio sA~K where A is the atomic 
weight of the element. According to Bragg’s rule, this should be con- 
stant, and this is seen to hold approximately. It will be observed that 
the dev Aliens are greater for the lighter elements. Since the stopping 
power of an element is a function of the number of electrons in the 
atom and their arrangements rather than of the atomic weights, 
Bragg’s rule is without special physical significance, but yet on the 
whole it fits the results of observations fairly well. Giasson* has shown 
that the rule s oc Z 2lz , where Z is the atomic number of the element, fits 
the observations about as well as Bragg’s rule. From the theory of 
absorption of a particles discussed in the next chapter, it is surprising 
that the variation of s with Z or A can be expressed even roughly by a 
simple power law over such a wide range of Z or A . 

* Giasson, Phil. Mag. 43 , 477, 1922. 




CHAPTER IV 


SOME PROPERTIES OF THE a PARTICLE 

§ 22. Retardation of the a particle. The great majority of a 
particles in passing through matter travel in nearly straight lines 
and lose energy in ionising the matter in their path. Occasionally 
an a particle suffers a nuclear collision with an atom and is deflected 
through a large angle. These occurrences, though of great interest, 
are so rare that they do not seriously influence the average loss of 
energy when a large number of a particles are under examination. 
The laws of retardation of the a pa. tide are best studied by making 
use of the homogeneous a radiation emitted by the very thin de- 
posits of radium C, thorium C, and polonium It is found experi- 
mentally that tiie reduction of velocity in traversing normally a 
uniform screen is nearly the same for all the a particles so that a 
homogeneous pencil of rays remains nearly homogeneous on emerg- 
ing from the screen. This effect is most clearly shown with the swifter 
a particles, c g. thos „ that have a range in air between 8*6 and 3 cm. 
With reduction of the velocity, the “ straggling v of the a particles, 
i.e. inequalities in the velocity and range of the emergent a particles, 
becomes more and more prominent and the issuing pencil of a 
particles becomes very heterogeneous. 

The reduction of velocity is best studied by an arrangement 
similar to that shown in Fig. 7, where the absorbing sheet of matter 
is placed over the source and the deflection in a uniform magnetic 
field of tho issuing pencil of a rays, in an exhausted chamber, is 
observed either by the photographic or the scintillation method. 
In most ! ises a thin wire coated with radium C has been used as 
a source of rays, but thin films of thorium C and polonium have in 
some cases been employed. 

The decrease of velocity of a particles in passing through alu- 
minium was first studied by Rutherford* using the photographic 
method, anu in more detail by Geigerf for mica by the scintillation 
method. Geiger found that the reduction of the velocity of the 
a particles could be expressed by a simple law, viz. F 3 = aR y where 

* Rutherford, Phil . Mag. 12, 134, 1906. 

t Geiger, Proc . Roy. Soc. A, 83, 605, 1910. 
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V is the velocity of the issuing particles after traversing the ab- 
sorbing screen, R the emergent range of the a particles measured in 
air and a is a constant. It will be seen that this relation holds fairly 
closely for ranges of a particles between the maximum and 3 cm. of 
air. Later, a more detailed examination by the scintillation method 
was made by Marsden and Taylor* with absorbing screens of mica, 
aluminium, copper and gold. 

It was observed by Rutherford and subsequent investigators that 
it was unexpectedly difficult to follow the reduction of velocity 
below* about 0-40 F 0 , where V 0 is the maximum velocity of the 
a particles from radium C, corresponding to a range of a particles of 4 or 
5 mm. in air. This difficulty w'as in part due to the marked hetero- 
geneity of the issuing beam, which caused a broad diffuse band of 
a particles in a magnetic field, but mainly to the influence of another 
effect which has only recently been recognised, namely the rapid 
capture and loss of electrons by low velocity a particles. This effect 
only manifests itself clearly in a high vacuum, when the issuing beam 
splits up into three distinct groups of a particles corresponding to 
neutral, singly charged, and doubly charged particles. With the 
addition of a small quantity of gas in the path of the rays, these 
three bands disappear and give place to one main band which is 
less deflected than the group of doubly charged particles (see § 24). 

While the early investigators all used a sufficiently good vacuum 
to avoid appreciable absorption of the a rays, it is probable, how- 
ever, that in many cases the residual pressure of the gas was high 
enougK to cause a marked capture and loss of electrons by the 
particles. Such an effect greatly complicated the interpretation of 
results and was undoubtedly the main factor in the failure to follow 
the changes of velocity for low ranges of the cc particle. 

To a T *Qid this difficulty it is essential to examine the deflection of 
the particles in a high vacuum, where, in the case of low* velocities, 
observations may be made of the average deflections of the singly 
or doubly charged group of a particles. A careful investigation 
fulfilling these conditions has recently been made by Briggsf for mica, 
using the photographic method. In order to give narrow bands on 
the photographic plate, fine wires coated with radium (B -f C) were 
used as sources and the rays passed through a narrow slit. The 
length of path of the a rays in the vacuum and the intensity of the 

* Marsden and Taylor, Proc,. Roy. Soc. A, 88, 443, 1913. 

t G. H. Briggs, Proc . Roy. Soc. A, 114, 313, 341, 1927. 
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magnetic field, which was kept very constant, were so adjusted that 
the deflection due to the magnetic field corresponded to 3 or 4 cm. 
on the photographic plate. At the same time a systematic examina- 
tion was made of the broadening of the band so as to obtain an 
accurate measure of the straggling of the a particles. This will be 
considered later. Plate VI gives some reproductions of the photo- 
graphs obtained by Briggs in these experiments. In the photographs 
1 to 5, four slits were employed givirfg rise to four undeflected and 
four deflected lines. From inspection of the photographs it will be 
seen that the “ midway ” band due to singly charged a particles is 
well marked for low velocities. The marked heterogeneity of the 
issuing beam for short ranges is clearly shown. The mean reduction 
of the velocity was measured after the a rays had passed nearly 
normally through uniform mica sheets of known weight per sq. cm. 
The stopping power of the mica she ots was measured by the scin- 
tillation and electric methods, ana expressed in terms of air at 
760 mm. and 15 t . 

It has been shown in § 16 that the extrapolated range of the 
a particles from radium C at 15° C. and 760 mm. is 6-96 cm. in air. 
As this e. Irapolaied range is difficult of interpretation, it is desirable 
to express the velocity in terms of the mean range of the a particles 
in air. This was found to be 6*92 cm. at 15° C. and 760 mm. by I. Curie 
from measurements of the average length of the a ray tracks in an 
expansion chamber. From consideration of the ionisation curve 
and straggling of the a particles, Briggs deduced the mean range 
to be 6*90 cm., and in the following table the velocity is expressed 
in terms of this mean range. The ratio of the mean velocity of the 
emergent particles to the initial velocity V Q (1-922 x 10 9 cm. /sec.) is 
given in column 3 in the table below. The same ratio calculated from 
the Geiger relation F 3 — a (R — x) is given in column 4. It is seen that 
this law holds fairly closely for velocities between F 0 and 0-75 F 0 , 
i.e. for en rgent ranges greater than 3 cm. For the lowest velocity 
measured, viz. 0-22 F 0 , the error is more than 50 per cent. The 
departure is still more marked if the extrapolated range 6-96 cm. is 
taken instead of the mean range 6-90 cm. 

Since the hutial ranges of the a particles from the different radio- 
active products are generally more than 3 cm., Ginger's rule can be 
applied with fair accuracy to determine the initial velocities of 
expulsion from the observed ranges. 

The velocity curve in air for the a particles from radium C taking 
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• 

the range in air as 6-96 cm. at 15° C. and 760 mm. is shown in Fig. 28. 
The dotted curve 3 shows the relation V* = a (R — x) and curve 2 
the values obtained by Marsden and Taylor. Curve 1 gives the 
results of Briggs. 


Distance 
traversed in 
air at 15° C. 
and 760 ram. 

Distance 
from end of 
mean range ip 
cm. of air 

VI r. 

V/V 0 calculated 
Geiger’s rule 

0 

6-9 

1*000 

1*000 

0*5 

6*4 

0*977 

0*975 

10 

5*9 

0*951 

0*949 

1*5 

5*4 

0*923 

0*921 

20 

4*9 

0*894 

0*892 

2*5 

4 4 

0*863 

0*861 

3*0 

3*9 

0*828 

0-827 

3*5 

3*4 

0*790 

0*790 | 

4*0 

2*9 

0*746 

0*749 

4 5 

2*4 

0*696 

0*703 

5*0 

19 

1 0*638 

0*651 

5*5 

1*4 

| 0*563 

0*588 

5*8 

M 

| 0*504 

0*542 

6*0 

0*9 

0*455 

0*507 

6*1 

0-8 

0427 

0*488 

6*2 

0*7 

0*396 

0*466 

6*3 

0*6 

0*361 

0*443 

6*4 

0*5 1 

0*322 1 

0*417 ; 

6*5 

0-4 j 

0*278 

0*387 

6*6 j 

03 

0*222 ! 

0*352 


A more stringent test of the accuracy of Geiger’s law can be 
applied by a direct comparison of the velocities of the particles whose 
ranges liave been measured with the greatest possible precision. 
This can be most simply accomplished by obtaining a thin film of 
the active deposit of thorium and radium together on a thin wire, 
and comparing the deflection of the three groups of a rays, two of 
which arise from thorium C, in a constant magnetic field. Experi- 
ments o f this kind have been made by A. Wood* and recently by 
G. H. Briggs^ and G. C. Laurence^, who obtained large deflections 
of the a particles on a photographic plate and measured the relative 
deflections by means of a microphotometer. Taking the velocity of 
the a particles from radium G as 1*923 x 10* cm. /sec., Briggs found 
the velocities of the two groups of a particles from ThC and ThC' 
were 1*705 x 10* and 2*053 x KPcm./sec., with an accuracy estimated 

* A. Wood, Phil. Mag. 30, 702, 1915. 

f G. H. Briggs, Proc. Roy. Soc. A, 118, 549, 1928. 

$ G. C. Laurence, Proc . Roy. Soc. A, 122, 543, 1929. 
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to be 1 in 1000. The values found by Wood were 1*714 x 10 9 and 
2*060 x 10 9 . In a similar way, Laurence determined the velocity 



12 3 4 5 6 7 

Fig. 28. 


ratios for a source of radium 0 and polonium (radium F). The velocity 
ratios for the three groups obtained by Briggs and Laurence are 
shown in the table and compared with calculations on Geiger’s rule. 
Laurence estimates that the relative velocities found by him art* 
correct to 1 in 2000. 


• 

Element 

Velocity ratio 

Rriggs 

Observe d 

Laurence 

Calculated 

ThC'/ThC 

1-204 


1-2017 

1 217 

ThC'/RaC 

1-068 


1-0679 

1-074 

ThC/RaC 

0-886 


0-8885 

0-882 

RaF/RaC 

— 


0-8277 

0-824 


A slight correction for relativity has been made. Rosen blum* found 
the ratio of the velocities of the a particles from ThC and ThC' to 
be 1*209, a somewhat higher value than that found by Briggs and 
♦ Rosenblum, CJ ?. 180, 1333, 1925. 
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Laurence. Laurence finds the ratio ThC/RaC somewhat greater than 
Briggs but otherwise there is good agreement. 

The table shows that the Geiger law does not hold accurately 
for the higher ranges and that the range increases faster than the 
F 3 law. For very fast particles, theory (§ 26 a) indicates that the range 
should vary more nearly as F 4 . Unfortunately, this cannot be tested 
further, as it is difficult to determine accurately the velocity of the 
weak groups of long-range particles from radium C and thorium C. 
The velocity of the a rays from polonium was measured carefully 
by I. Curie* who found a value 1-593 x 10 9 cm./sec. This becomes 
1-591 x 10 9 when the relativity correction is applied, agreeing well 
with Laurence’s measurements. 

The actual velocities of the a particles from the different products, 
deduced from Briggs’ data, and the ranges found by Geiger have 
been given in § 19. 

§ 22 a. In addition to the direct velocity measurements, estimates 
of the variation of the velocity of the a particles near the end of 
their range have been made by Kapitzat, I. Curie and Blackett § 
by different methods. Kapitza measured directly the heating effect 
at each point of the range for a pencil of homogeneous « rays by a 
special type of radiomicrometer. The variation of energy of the a 
particle with range was found to be in good accord with the measure- 
ments of Geiger, Marsden and Taylor on the variation of velocity 
of the a particle until about 1 cm. from the end of the range, when 
the Velocity was found to fall off more rapidly than on Geiger’s rule. 
The results are in good accord with the direct measurements of 
Briggs. 

In a subsequent investigation, Kapitza photographed the track 
of a particles exposed to a strong magnetic field in a small expansion 
chamber. Illustrations of the tracks are shown in Plate II, tig. 4. 
By nu tearing the curvature of the tracks near the end, the value 
of e/V, where e is the average charge on the particle and F its velocity, 
was determined. From the data on capture and loss of a particles for 
different velocities (§ 24 ) f. could be estimated and V thus determined. 
Assuming Aj/A* oc F 4 6 as found by Rutherford, where A 2 and \ are the 
mean free paths of the a particle for capture and loss respectively, 

* I. Curie, CM. 180, 1332, 1925. 

f Kapitza, Vroc. Ray. S'K. A, 102, 48, 1922. 

X I. CHme, Annales de physique, 3, 299, 1925. 

§ Blackett, Proc. Roy. Roc. A, 102, 294, 1922. 
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curve 3, Fig. 29 was found. Taking the index 4-3 found by Briggs 
(§ 24 a), curve 4 is obtained which agrees well with the direct deter- 
mination of Briggs (curve 1). 

I. Curie deduced the variation of velocity of the a particle near 
the end of the range from the ionisation curve obtained for an average 
a particle {vide § 16) on the assumption that the ionisation Idx in 
a length of the trajectory dx is a measure of the loss of energy of the 



Fig. 29. 


a particle, i.e. — d{V*) -= Kldx. Knowing the variation of / with 
range, tin velocity V was deduced by graphical integration. It is 
shown in § 1G that the ionisation curve for the average single a particle 
is very similar in shape to the Bragg ionisation curve for a pencil of 
a rays. The velocity curve obtained in this way is shown in Fig. 28, 
curve 2. 

The velocity curve has been obtained by Blackett by another 
distinct method. Photographs were obtained by the Wilson method 
of a number of collisions of the a particle in passing through air 
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giving rise to branched forks, one due to the deflected a particle and 
the other to the recoiling nucleus (vide §§ 57, 58). These large angled 
deflections are comparatively numerous near the end of the range 
of the a particle when its velocity is much reduced. Since the velocity 
of the particle at the moment of the collision is unknown, it has to 
be estimated by indirect methods. Assuming that the statistical 
number of collisions for which the a particle is deflected through 
angles between 0 X and 9 2 varies as 1/F 4 , the variation to be expected 
on the nuclear theory if the collisions are governed by Coulomb forces, 
the velocity of the a particle at different distances from the end of its 
track can be deduced. 

The main difficulty in these experiments is to obtain a sufficient 
number of collisions for velocities of the a particle which have been 
directly measured. Owing to probability variations, a large number 
of observations is required to obtain the statistical average. In 
Fig. 29 the full curve gives the results obtained by Briggs for ranges 
between about 3 mm. and 12 mm. The observations of Blackett are 
in fair accord with the results of Briggs over a corresponding range, 
but are carried down to a range of 0-5 mm. Blackett concludes from 
these and additional data that for ranges up to 16 mm. the range 
R cc F 1 ' 5 approximately, in place of R oc F 3 , found to hold for ranges 
above 3 cm. 

By the application of similar methods, Blackett has determined the 
connection between range and velocity not only of the a particles but 
of recoil atoms set in motion by close collisions with a particles (§ 58). 

§22b. In 1913 Marsden and Taylor* made a systematic examina- 
tion of the retardation of the a particles from radium C in a number 
of elements. The method employed is shown in Fig. 30. The radiation 
from a wire source D passed through a slit L and fell on a zinc 
sulpl idk screen M. The apparatus was exhausted and the deflection 
of the band of scintillations due to a strong magnetic field per- 
pendicular to the plane of the paper was measured. By means of 
a movable ladder T, screens of known thickness of metal were 
interposed in front of the source. For reasons already given they 
were unable to follow the deflection of the pencil of a rays below a 
velocity 0*415 F 0 , where F 0 is the velocity of a particles from radium 
C. The results obtained are shown in the table below, where the 
weights per unit area in milligrams required to reduce the velocity 
* Marsden and Taylor, Proc. Roy. Roc. A, 88, 443, 1913, 
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of the a particles are given. The total weight required to absorb 
the a particles completely was deduced by the scintillation method. 

The results obtained for air have already been shown in Fig. 28 
for comparison with the values obtained by Briggs. The general 



Fig. 30. 
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evidence indicates that the law of retardation of the a particle for 
velocities between V 0 and 0-7 V 0 is very nearly the same for air as 
for mica, viz. V s = a (R — x), where V is the velocity after traversing 
a distance x and R the maximum range. From the data obtained 
by Marsden and Taylor, the relation for gold is more nearly expressed 
by the formula T 2 ' 4 = a (R — a*). It is in general difficult to obtain 
uniform metallic foils, so that it is not easy to obtain precise measure- 
ments. 

From the theory of stopping power of the elements worked out 
by Fowler and Thomas and Williams (§ 20b), it will be seen that the 
expenditure of energy by the a particle per unit path is a complicated 
function of the number and motions of the constituent electrons of 
the atoms. It is not, in consequence, to be expected that the law 
of retardation can be expressed accurately over the whole range by a 
simple power law. According to theory d ( Y x )!dl — A" where s is the 
atomic stopping power and K a known constant. In certain mon- 
atomic gases where the atomic fields are known approximately, the 
values of s have been calculated by Thomas and found to be in fair 
accord with experiment. From these data the variation between the 
velocity and range of the a particle can be calculated. 


Element 

A' 

Element 

K 

Li 

27-7 

Pel 

711 

A1 

39-3 

Ag 

i 70-3 

Fe 

50-5 

, Cd 

71-1 

Ne I 

525 

»Sn 

72-9 

Cu 1 

54*5 

Pfc 

1 99-0 

Zn j 

55-2 

Au 

980 

Mo • 

67-5 

Vb 

1 98 ’5 


In some recent experiments, Rosenblurn* has made a careful 
determination of the diminution of velocity of the a rays with thick- 
ness of matter traversed for a number of elements. The method was 
similar in principle to that used by Marsden and Taylor (loc. cit.) t but 
the deflection of the pencil of rays in a magnetic field was measured by 
the photographic method. The a rays from thorium C', initial range 
8*6 cm. and velocity 2 052 x 10 9 cm. /sec., were used. He found that 
the relation between velocity and thickness of metal foil traversed 
could be expressed for all the elements by the expression 

X = K (u- u 2 + 0*3 5u 3 ), 

* S. Roeenblum, C.R . 183, 851, 1927; Phy*. Ztil. 29, 737, 1928. 
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where X is the weight in milligrams per sq. cm. of the uniform foil 
and u = ( F 0 — F)/F 0 , where F 0 is the initial velocity of the a particles 
from thorium C' and F the velocity after traversing the foil. K is 
a constant which varies for different elements in the way shown in 
the above table. 

The results are compared with Bohr’s theory (§26 a), but while 
there is a fair agreement for the lighter elements, the calculated 
values of K are about 2-5 times the observed values for heavy elements 
like lead (vide § 26 6). 

§23. Theory of straggling of a particles. When an a particle 
from radium C is absorbed in air, it produces about 220,000 pairs of 
ions. Supposing that about two-thirds of these are due to secondary 
electrons, the number of primary ionising collisions is about 70,000. 
On Bohr’s theory (§2 6r/), the actual number of collisions leading 
to a transfer of energy from the a prrticle is much greater than this. 
For illustration, consider the passage of an a particle from radium C 
through helium. uking the radius of the helium atom as 1 x 10” 8 cm., 
the a particle in ils path of 38 cm. through helium make® 3 \ 10 5 
collisions. If we suppose that energy is transferred to the atom for a 
distance ”t least four times the atomic radius, the number of collisions 
involving appreciable transfers of energy is 5 x 10*. The number 
in air will be .■ •mailer but of the same order of magnitude. On Bohr's 
theory, all transfers of energy are possible from zero to the maximum 
in which the escaping electron acquires twice the velocity of the a 
particle. On the theory of probability, it is clear that some a particles 
will suffer more loss of energy than others and in consequence there 
will be differences of range of the a particles in the matter, although 
the a particles are all initially liberated with identical speeds. 

The ranges of the a particles will be grouped round the average 
range of the particles according to the well-known Gaussian law of 
errors. The amount of this probability variation or straggling, as 
named by Darwin*, can be calculated on any of the theories of the 
loss of energy of the a particle which are discussed in chapter v. 
It is clear that the number of collisions of different types involved 
is so numerous that tho theory of probabilities for large numbers 
can be safely employed. 

The first ?ough estimate of the probability variations was made 
by Herzfeld by assuming that the number of encounters was equal 
* Darwin, Phil. Mag. 23, 901, 1912. 
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to the number of ions produced. Elaborate calculations have been 
given independently by Flamm* and by Bohr| in which all encounters 
involving transfers of energy possible on the theory are taken into 
account. If R be the mean range of the a particles, the probability 
W(s) ds that the a particle has a range between R ( 1 + s) and 

R (1 -f s -f ds) is given by a% 

1 -~ t ds 
ds - — e p , 
p V 7T 

where p is a constant dependent on the particular way in which it is 
supposed that transfers of energy may occur. Bohr has calculated 
the value of p on his theory of the absorption of the a particle based 
on classical dynamics. For the a rays from radium C of range 7 cm. 
in air, he finds p = 0-0086 and 0*0116 for hydrogen and air respec- 
tively. For the a rays from polonium of range 3*9 cm., p = 0-0091 
and 0-0120 for hydrogen and air respectively. 

Both Flamm and Bohr showed that the straggling was only slightly 
affected by the occasional nuclear collisions in which the a particle 
is deflected through a considerable angle. The correction for this 
effect is small and may be neglected without serious error. 

§23 a. It will be seen that three different methods have been 
employed to measure the straggling of a particles, viz. (1) the scin- 
tillation method, (2) the expansion method, and (3) the distribution 
in velocity of the a particles after passage through an absorbing 
screen. It is important to notice that different quantities are measured 
in each case. In the scintillation method, the actual number of a 
particles which are able to traverse absorbing screens of different 
thicknesses are counted. In the expansion method, the differences 
in the total lengths of the tracks of the a particles in traversing the 
gas of the expansion chamber are observed. In method (3), by means 
of a ma jnetic field, the distribution in velocity of the a particles in 
an originally homogeneous beam is measured after the rays have 
traversed a known thickness of matter. Methods (1) and (2) give 
the straggling over the whole path of the a particle, while method (3) 
gives a measure of the straggling at different points of the path of 
the average a particle. 

The first experiments to estimate the straggling of the a particles 
were made by the scintillation method. A narrow pencil of homo- 

* Flamm, Wien Ber, 124, 597, 1915. 
f Bohr, Phil. Mag. 30, 531, 1915; 25, 10, 1913. 
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geneous a rays from radium C or polonium passed through air, and 
the numbers of a particles at different distances from the source 
were counted. Experiments of this kind have been made by Geiger, 
Taylor, Friedmann, and Rothensteiner, with somewhat conflicting 
results. The variation of number of scintillations near the end of the 
range of the a particles from polonium is shown in Fig. 31. Curve i 
gives the distribution of the length of the tracks in an expansion 
chamber found by I. Curie (vide infra) f Curves in and iv, obtained by 
Rothensteiner and Taylor respectively, the distribution found by the 
scintillation method. Curve n on the left shows the end of the ionisation 
curve for comparison with the straggling curves. There is no doubt 
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Distance from source 
Fig. 31. 


that the earlier observations by the scintillation method exaggerate 
the true straggling. This is very largely due to the fact that it is 
difficult to count feeble scintillations in the presence of bright ones. 
Unless the optical system is very good, there will be a tendency to 
overlook the feeble scintillations and count only the brighter ones. 

A careful determination of the straggling of the a rays was made 
by the expansion method by I. Curie*, and by Meitner and Freitagf- 
By means of slits, a narrow horizontal beam of homogeneous a rays 
from a thin layer of active matter of small area passed into a Wilson 
expansion chamber and was photographed. An example of a strag- 
gling photograph obtained in this way by Feather and Nimmo, using 
the a rays from thorium C, is shown in Plate V, fig. 1. 

* I. Curie, Jonrn. fie phys. 3, 299, 1925. 
t Meitner and Freitag, Zeit. f. Phys. 37, 481, 1926. 
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The lengths of all the tracks were measured and the average range 
of the a particles in the chamber was thus determined. The results 
obtained by I. Curie are shown in Fig. 32, where the full curve represents 

the probability equation y = * , e~* 2 , and the circles experimental 

V 77 - 

points. It is seen that the distribution of particles of lengths greater 
than the mean falls closely on a probability curve, but that there 
„ appears to be an excess of particles of short range. I. Curie has shown 
that this excess is not due to any want of homogeneity in the initial 
velocity of the a particles expelled from polonium, but may possibly be 
due to the great difficulty of obtaining a very thin and pure source of 


Distance from source in cm. 

4*85 4*95 5*05 5-15 5*25 5*3 b 
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x in mm. 

Fig. 32. 

active matter which does not penetrate to some extent into the metal 
on which it is deposited. This is supported by the observation that 
the amount of the probability excess varied in different experiments. 
Assuming that this excess distribution is spurious, and reducing the 
ranges in terms of air at 760 mm. and 15° G\, the straggling co- 
efficient p for air was determined for polonium rays of range 3*96 cm. 
and found to be 0-0167. The value calculated by Bohr is somewhat 
lower, viz. 0*01 16. 

In some later experiments, I. Curie and Mercier*, using as sources 
radium A and radium 0, obtained results in closer accord with 
Bohr’s theory and concluded that the experiments with polonium 
were in error. The number of tracks examined, however, was too 
small to give a correct probability distribution. 

Similar experiments were made independently by L. Meitner and 
* I. Curie and Mercier, Journ. de phys. 7, 289, 1926. 
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Freitag (loc. cit .), using thorium C and C' as sources of homogeneous 
a rays. In their investigations the a particles were allowed to enter 
the expansion chamber before the expansion was completed, so that 
some particles, owing to the alterations of pressure, travelled farther 
than others. The correction for this was large and difficult to esti- 
mate with accuracy. After correction, Meitner and Freitag found 
p = 1*55 — 1*60 x 10 -2 for oxygen and p — 1*30 x 10 -2 for argon. 
The value for oxygen is considerably* greater than that calculated 
on Bohr’s theory. 



Deflection 
Fig. 33. 

§ 23 b. In the above experiments t lie straggling was measured for the 
a particle over its whole range. It is important, however, to deter- 
mine the relation between the straggling and velocity of the a particle 
at any point of the path of a pencil of rays. Careful experiments 
to test this point have been made by G. H. Briggs*, using the same 
general method employed to measure the retardation of the a 
particles (§22). The width of the deflected band of a rays on the 
photographic plate after traversing a known thickness of mica was 
compared with the width of the undeflected band by means of a 

* G. H. Briggs, Proc. Hoy . Soc. A, 114, 313. 1927. 
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microphotometer. Narrow pencils of a rays were used and the appara- 
tus exhausted to avoid complications arising from capture and loss 
of electrons by the a particles in their passage through the residual 
gas. As an example, the distribution in density of (a) the undeflected 
band and (b) the deflected band corresponding to the passage of the 
a particles through 2*5 cm. of mica is shown in Fig. 33. By the use 
of a very narrow pencil of rays, the straggling of the a particles 
as regards velocity could be easily detected after the particles had 
passed through a sheet of mica of stopping power equal to only a 
few millimetres of air. Some of the photographs obtained by Briggs 
are shown in Plate VI. The width of the deflected band is seen to 
increase rapidly with the thickness of mica in the path of the rays. 

The distribution of the a particles, whether with regard to velocity, 
energy or range, is expressed by a probability formula of exactly 
the same type as that given on page 112, provided the variation 
of velocity in the pencil is small, but of course the distribution 
coefficient p is different in each case. In Briggs’ experiments, the 
value of /3 2 , the distribution coefficient 
for velocity , is directly measured from 
the photographic trace for all velo- 5 
cities of the a particle. It is easily 
shown that the corresponding co- 
efficient p x for energy distribution of 4 
the a particles is given by p^p^I F 2 , 
while the distribution coefficient p 3 
for the range is given by 3 

Pz x = p x (dTjdx)-\ 

where x is the stopping power of the 2 
absorbing screen dLW&dTjdx the varia- 
tion of 'Energy with x , which can be 
deduced from the velocity curve. 1 

The values of p 2 , p* deduced from 
the broadening of bands after passing 
through a thickness of mica of known 1 /z 5 4 5 . 6 . 7 

air equivalent are given in the table of air. 

below. The variation of p 2 with range ri K- 

is shown in Fig. 34. Curves i and ii plotted on different scales are 
experimental, Curve in calculated from Bohr’s theory. The accuracy of 
measurement of p t is greatest for stopping powers between 3 and 5 cm. 
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The probable error increases towards the end of the range, where it is 
difficult to obtain very accurate results. 


Air equi- 
valent 
of mictf 
(cm.) 

pt 

(ergs.) 

Pi 

Air equi- 
valent 
of mica 

(cm.) 

Pt 

(ergs.) 

Pi 

0-315 

1-53 x 10~ 3 

3*63 xlO* 8 

5-656 

26*3 x 10~ 3 

2&G xlO' 9 

0*551 

2-12 xl0~ 3 

4-94 x 10 -8 

5*432 

35-0 x 10 -3 

28-3 x 10-« 

1*026 

3*06 x 10~ a 

6*80 x 10~ 8 

5*664 

40*9 x 10~ 3 

29-0 xl or 8 

2113 

5*08 x 10~ 3 

9*83 x 10~ 8 

5*866 

48*4 xlO- 3 

. 28-1 xlO^ 8 

2*409 

5*86 x 10 -3 

10*0 xlO -8 

6*067 

67*3 XlO' 3 

31-8 x 10~ 8 

3*066 

7*64 x 10- 8 

12* ; xio - 8 

6*296 

92*4 x 10" 3 

29-5 x 10-» 

3*490 

9*56 x 10~ 3 

14*6 xlO' 8 

1 6*445 

161*0 xlO" 3 

32-8xlO-» 

4*098 

12*0 x 10~ 3 

16*4 a 10 8 

| 6*501 

207*0 a 10~ 3 

32-6 x 10-* 

4*492 

17*0 x 10~ 3 

20*2 x 10 -8 

6*659 

2760 x 10- 3 

32-5 xlO- 8 


The straggling coefficient p z for range and p 3 x, where x is the air 
equivalent of the inioa traversed, are given in the table below. The 
value of p z x calculated on Bohr’s theory of straggling and the ratio 
of the observed to the calculated straggling are given in the last two 
columns. 


Stopping 
power 
of mica 
(cm.) 

Pt 

observed 

(cm.) 

observed 

(cm.) 

Pa* calculated 
on Bohr's 
theory 
(cm.) 

Pt x 

observed 

fH r , 
calculated 

0*5 

7-78 ' 10 2 

3*89x10-3 

2 83 xl0- 2 

1-37 

10 

5*44 x 10‘ a 

5-44 x 10- 2 

3 96 x 10-* 

- 1*37 1 

1*5 

4*31 \ 10- 2 

6*46 xlO 2 

4-78 x 10 -2 

1*35 

2*0 

3*63 10~ 2 

7*26xl0- 2 

5-46 x 10~ 2 

1*33 

2*5 

3*25 x 10“ 2 

812x10-* 

6*00 x HI- 2 

1*35 

3*0 

2*96 x 10 

8*87 x lO^ 2 

6*48 a 10-3 

1*37 

3*5 

2*77 x 10~ 2 1 

9*70 xl0“ 2 

6*88 x 10-3 i 

1*41 

4*0 

2*53 x 10-3 

10*12 x'10-3 

7*22 < U)- a * 

1*40 

4*5 

2*43 xlO- 2 

10*87x10-= 

• 748x10-3 J 

-V 1*45 

5*0 

2*42x10“ 2 

12*13xl0- 2 

7*69 xlO- 2 

1*58 

6*5 

2*17 xlO-* 

11*92 xlO- 8 1 

7*84x10-3 

1*52 

60 

i 1*86x10-3 

11*17x10 2 

7*94 xlO" 2 

1*41 

6*5 

r-77 10-3 

11*48 xlO- 2 
± 

8*01 xlO" 8 
1 

1*43 


It will be seep that, although there is not a quantitative agreement 
with theory, the general variation with thickness of mica traversed 
is qualitatively in good accord with the theory. On the average, 
the observed yalue of p$x is about 1*4 times the calculated value. 
The result can be brought into accord with the theory if it be 
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supposed that the number of the types of collision, which are mainly 
responsible for the straggling, is twice as numerous as those cal- 
culated by classical mechanics on Bohr’s theory. This question will 
be discussed in more detail in § 26 6. 

Bohr has shown that the quantity (p 3 x) 2 = f P . ( dTjdx )- 2 dx where 

o 

the constant P — 167re 4 jYtt, where e is the charge on the electron, 
N the number of atoms per c.c. of the gas, and n the average number 
of electrons per atom. The calculated value P = 9*64 x 10~ 16 for 
air at 15° C. and 760 mm. and about 11*4 x 10~ 18 for mica. The 
value dTjdx can be deduced from 
the velocity curve, so that the in- 
tegral can be evaluated graphically. 

The theoretical variation of the rate 
of increase of the straggling with 
thickness of air is shown in Fig. 

35. It is seen that the curve passes 
through a minimum at about 6-5 
cm. and then rises rapidly to the 
end of the mean range 6-90 cm. 

The value of ( p 3 x ) 2 can thus be ob- 
tained by integrating the curve 
corresponding to the range traver- 
sed. The total value (p 3 i?) 2 of the 
straggling due to a particles of radium C is proportional to the 
total are$ enclosed by the curve. The quantity (p 3 P l ) 2 i fgr example, 
due to the a rays from polonium range R x > is proportional to the 
area of the curve to the right of the abscissa (6*97 — 3*92) cm. In a 
Similar way the total straggling of the a particles from any product 
can be deduced. It will be observed that the contribution to the 
straggling per unit path is greatest near the beginning of the range 
of the particles. For example, half the total straggling for the a 
particles from radium C occurs in the first 2*4 cm. of the range. The 
rapid variation very near the end of the range produces only a small 
effect on the total straggling for swift a particles. The value of p 
corresponding to the full range of the a partibles from radium C 
is for mica given by p = 1-73 x 10~ 2 . On the same data, the value 
of p for the rays from polonium is 1*63 x 10~ 2 , while, as we have 
seen, I. Curie founS by the expansion method a value 1*67 x 10“ f for 
air. 



Fig. 35. 
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§24. Capture and loss of electrons by a particles. The earlier 
observations of the path of an a particle in a magnetic or electric 
field had indicated that the a particle was expelled with a double 
charge from a nucleus, and retained this charge for the greater 
part of its path through matter. It was supposed that, near the end 
of its path when its velocity was much diminished, the a particle 
ultimately captured two electrons and became a neutral atom of 
helium. G. H. Henderson* first observed the surprising fact that 
even the swiftest a particle could occasionally capture an electron 



and that a pencil of a particles always consisted of a mixture of 
singly as well as doubly charged particles and at low speeds of 
neutral particles as well. This effect is most clearly shown by the 
arrangement shown in Fig. 36. The rays from a line source of a rays 
after passing through an absorbing sheet of matter N pass through 
a slit S and fall on a photographic plate or zinc sulphide screen 
placed at the end of the chamber. A uniform magnetic field Is applied 
perpcndicula: to the plane of the paper. When the box is exhausted 
to the stage of a cathode-ray vacuum, there appears in addition to 
the main band E due to doubly charged particles (He ++ ) a u mid- 
way” band C which is deflected to exactly half the distance of the 
Henderson, Proc, Hoy . Soc . A, 102, 496, 1922. 
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main band. When low velocity a particles are present, a neutral 
undeflected band appears at A. This midway band is due to singly 
charged particles (He+) which in their passage through matter have 
captured an electron, while the undeflected band is due to a particles 
(Heo) which have captured two electrons. The relative intensity of 
the midway to the main band varies very rapidly with the velocity 
of the a rays. It is small, about 1 in 200, for the swiftest rays but 
increases rapidly when the velocity of the a particles is reduced by 



Fig. 37. 

their passage through absorbing screens. Ultimately for low veloci- 
ties the midway band becomes predominant while the undeflected 
band grows in intensity. 

In the initial experiments, Henderson employed the photographic 
method, using Schumann plates. A detailed quantitative examina- 
tion of the subject was made by Rutherford*, using the scintillation 
method. By deflecting the particles by an electric as well as by a 
magnetic field, it was shown conclusively that the midway band 
consisted of singly charged helium atoms having the same velocity 
as the main group of doubly charged a particles. The results obtained 


* Rutherford, Phil . Mag. 47 , 277, 1924. 
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for different velocities using mica as an absorbing screen are shown 
in Figs. 37, 38, 39. The abscissae represent the actual deflection of 
the particles in a magnetic field which varied in the different ex- 
periments. Fig. 37 gives the result when the emergent range of the 
a particles was 3-6 cm., Fig. 38 1-2 cm., Fig. 39 about 0*46 cm. 

In Fig. 37 the height of the He + band was 1/67 of the main band. 
With lowering of the velocity, the distribution varied rapidly and 
the width of the two bands increasecf markedly owing to the strag- 
gling, i.e. to inequalities in the velocities of the emergent a particles. 



Fig. 38. 

In illustration of this, the width of the band He^ in Fig. 38 shows the 
natural width of the bands in a magnetic field if the rays were com- 
pletely homogeneous. In Fig. 39 it is seen that the bands for He + 
and He + _, are very brood and diffuse, and that the singly charged 
particles are comparable in number with the doubly charged. The 
explanation of Curve D, Fig. 39 will be given later. 

These effects are only shown in a high vacuum. If for example 
in the experiments illustrated in Fig. 39 a small pressure of air or 
other gas is introduced into the apparatus, the midway band practi- 
cally disappears. This is due to the fact that the He+ particles are 
ionised, i.e. lose an electron in their passage through the gas. For 
example, suppose this event happens to a He+ particle at the point 
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P, Fig. 36, in its trajectory in a magnetic field. The particle, now 
He ++ , more deflected by the magnetic field, reaches the screen at 
a point Dy say between the two bands, outside the narrow field of 
view of the counting microscope. The variation in the number of 
He + particles as the pressure of the gas is gradually raised gives 
a simple method of estimating the “mean free path” of the He + 
particle in the gas. 

If we consider a number of He + particles of the same velocity 
traversing a gas, some will travel farther than others before they 
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lose an electron as a result of a collision with the atoms in their 
path. Iu considering, however, a large number of particles, the 
average distance of travel will be a definite quantity, and from 
analogy with the mean free path of a molecule in a gas will be termed 
“the mean free path for loss.” In a similar way, a He ++ particle 
occasionally captures an electron as a result of collisions with the 
atoms in its path and becomes a He + or singly charged particle. 
The average distance traversed before capture will be termed “the 
mean free path for capture.” The lengths of the mean free paths 
both for capture and loss will obviously depend on the nature, pres- 
sure and temperature of the gas, but are most conveniently expressed 
in terms of the equivalent path in the gas at normal pressure and 
temperature. 
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The number of particles in the midway band falls off nearly ex- 
ponentially with the pressure of the gas, provided the mean free 
path of the He + particle for capture of an electron is long compared 
with the mean free path for loss. This is the case for high velocity 
a particles. From such observations the mean free path for loss of 
an electron can be determined. 

It will be seen that a rapid interchange of charges He ++ ^He + 
takes place along the track of the a particle, amounting to more than 
a thousand before the particle is brought to rest. A temporary 
equilibrium must consequently be set up between the number N x 
of He+ + particles and the number X 2 of He+ particles, such that in 
a given distance the number of captures is nearly equal to the number 
of losses in traversing a thickness dx of material. If \ is the mean 
free path for capture He +i — ► He . and A 2 is the mean free path for 
loss He + — He +f , i lien 

X l dx/X 1 = X 2 dx/X 2 

or NJN, - A 2 /A 1 . 

The ratio \/X ] is thus known for a definite velocity of the a particle 
by measuring the ratio A T 2 / X x for that velocity. We have seen that 
Aa can be dim tly n easured for any gas but cannot be determined 
directly for a mica or other solid screen. This apparent difficulty is 
obviated by noting that the observed ratio X 2 X l appears to be 
independent of the nature of the absorbing screen over a wide range 
of atomic weights. This can be directly tested by adding to the main 
absorbing sheet of mica a thin sheet of matter which is sufficiently 
thick to set up a new equilibrium for interchanges of charge, but 
not thick enough to alter materially the velocity of the emergent 
rays. This question was examined with great care by Henderson*, 
using an ionisation method to measure the number of a particles. 
No detectable difference in the ratio X 2 IX x was noted for such 
different substances as aluminium, mica, copper, silver and gold. 
Since the average atomic weight of the constituents of mica is not 
much greater than that of air, we may assume without much error 
that NJN l for air is the same as for mica. Since X t X x and X x can 0 
be directly measured, the value of Aj can be deduced. 

The following values of X x and A a were obtained by Rutherford for 
rays of different velocities. The velocity of the particles is expressed 

* Henderson, Proc. Roy . Soc. A, 109, 157, 1925. 
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in terms of F 0 , the maximum velocity of the a particles from radium 
C, viz. 1-922 x 10 9 cm. per c.c. ( & c t 5 <•<* ) 


Velocity in 
terms of T r 0 

Aa/A, for mica 

Mean free path A 2 
for loss in air 
at n.p.t. 

(mm.) 

Mean free path A, 
for capture in air 
at n.p.t. 

(mm.) 

094 

1/200 

0011 

2-2 

0-76 

1/67 

0-0078 

0-52 

0-47 

1/7-5 

0-0050 

0-37 

- ^ 029 

1/1 

0-003 

0-003 


It is known (§ 16) that the production of ions per unit path of a 
gas by an a particle varies nearly inversely as the velocity. The 
ions consist of the primary ions produced by the actual liberation 
of an electron from the atom or molecule by the a particle, and 
secondary ions due to swift electrons (8 rays) set in motion by the 
a particle. The loss of an electron from a swift He+ particle in passing 
through matter may be regarded as a process of ionisation and should 
thus follow similar laws. This has been found to be the case, for the 
mean free path for loss in air A^ varies approximately as the velocity 
over the range examined. It should be pointed out that the values 
for A x , A* given in the table above for a velocity 0-29 F 0 have not 
been directly measured but deduced from this velocity relation. 

The analogy between loss of an electron from a He + particle and 
ionisation of a gas by an a particle is borne out by comparing the 
value of A2 in hydrogen and helium with that observed in air. It is 
known that the ionisation by an a particle per unit path in hydrogen 
and helium is about one-fifth of its value in air for the same velocity. 
The observed value of A2 in hydrogen was 4 to 5 times greater than 
in air and for helium 5 to 6 times. In addition the actual magnitude 
of the mean free path As in air and other gases is of the order to bo 
expected on the ionisation theory. Consider for simplicity the 
passage Of a particles from radium C of maximum velocity F 0 
through hydrogen. The a particle produces 528 ions per mm. of path 
and of these probably only about one-third or 170 are primary. Now 
the value of A2 for loss in hydrogen for this velocity is about 0-06 mm. 
In this distance 1 He + particle on the average is ionised, while an 
a particle produces about 10 primary ions. Taking into account that 
the ionisation potential of hydrogen, about 11-5 volts, is much 
smaller than that for a He+ particle, which is supposed to be about 
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54 volts, the mean free path observed in hydrogen is of about the 
magnitude to be expected. In the present state of our knowledge of 
ionisation, it is difficult to give a more precise estimate. 

It will be seen that for the velocities examined the ratio X 2 /X l 
varies very rapidly with the speed of the a particle. If we suppose 
the variation with velocity F can be expressed by a power law F n , the 
average value of n found by Rutherford was 4-6, i.e. the ratio X 2 /X 1 
varies roughly as the inverse fifth power of the velocity. Since Ag- 
is roughly proportional to V, it is seen that the mean free path for 
capture Aj varies as F 5 ' 6 or roughly as the sixth power of the velocity. 
Henderson*, using the clectrio method, found the ratio Ag/Aj could 
not be expressed by a simple power law and concluded that the value 
of n decreased with increasing velocity. For velocities in the neigh- 
bourhood of 0-51 V 0 , n was about 4*3 ; for a velocity about 0*70 F 0 , 
n was 3*4. G. H. Briggsf, by using the photographic method and 
determining the relative intensity of the deflected bands by a photo- 
meter, f mid the value of n to be 4 3 {- 0*1 over a range of velocities 
from 0-825 F 0 to 0-272 F 0 . Some of the photographs obtained are 
given in Plate VI. On account of the smallness of the ratio Ag/Aj for 
high velocities, it is difficult to fix the law of variation with velocity 
with precision. 

We h ive previously drawn attention to the remarkable fact that 
the value of A 2 /A l , for a given velocity of the a particle, is indepen- 
dent of the atomic weight of the absorber, at any rate for atomic 
weights between aluminium and gold, indicating a close connection 
or parallelism over this range between the processes of capture and 
loss. As the result of a mathematical analysis, ThomasJ concluded 
that this relation must break down for high velocities in the case 
of very light elements, where the electrons are loosely bound. He 
found that for high speed a particles, the value of Aj should vary 
much more rapidly with velocity for hydrogen than for the heavy 
elements, and estimated that A oc F 11 . This point was examined ex- 
perimentally by Jacobsen § by observing the distribution of scintil- 
lations between the singly and doubly charged bands of a particles 
in a magnetic field when a small pressure of hydrogen was intro- 
duced. This was compared with the effect observed in air at a 

♦ Henderson, Proc. Roy . Soc. A, 109, 157, 1925. 
f Briggs, Proc. Roy . Soc. A, 114, 341, 1927. 
t Thomas, Proc. Camb. Phil. Soc. 114 , 561 1927. 

§ Jacobsen, Nature , 117, 341, 1927. 
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pressure adjusted to give the same chance of loss of an electron as in 
hydrogen. In both cases the distribution is dependent on the ratio 
between the mean free path for capture and loss of electrons by the 
a particles in their passage through the gas. It was observed with 
hydrogen that the relative number of the singly charged a particles 
was not more than half that with air under corresponding con- 
ditions. From these results he concluded that swift a particles of 
velocity about 0-94 F 0 captured few if any electrons in hydrogen 
and estimated that the mean free path for capture in hydrogen must 
be greater than 200 mm. 

When the speed of the a particle becomes comparable with that 
of the electron round the hydrogen nucleus, capture in hydrogen 
proceeds much more freely. Rutherford (loc. cit.) found by the method 
described later that this was the case for velocities of the a particle 
about 0*3 F 0 . 

§24 a. Neutral a particles. We have seen that neutral a particles, 
which are undeflected by a magnetic field, appear in numbers when 
the a particle is much reduced in velocity. These neutral particles 
which arise from the capture of an electron by a He + particle give 
feeble scintillations. It is difficult to make measurements on the 
mean free path for capture and loss in this case since, on account 
of the straggling of the a particles, the neutral particles vary widely 
in velocity. The neutral band, like the singly charged band, disappears 
when gas is introduced. Rough observations indicated that the mean 
free path in air for loss of an electron from a neutral particle was 
about 1/1000 mm. or about 1/5 of the mean free path for conversion 
of He + into He ++ for a velocity 0*47 F 0 . 

From the data obtained for capture and loss, it can be estimated 
that the change of charges occurs about 600 times in air, while 
the velocity changes from F 0 to 0-29 F 0 when the mean free path 
for capture and loss are equal. There seems to be littlj doubt that 
an even greater number of interchanges He ++ 5=^ He + and He + ^ He 0 
occurs while the velocity falls from 0*29 to zero. 

It can be estimated that an a particle of radium C over a 
range 6-9 cm. is doubly charged for a distance about 6*4 cm. 
and singly charged for a distance 0-5 cm. The curvature in a 
magnetic field of the path of an a particle in air would con- 
sequently be less than if the a particle were doubly charged along 
its whole path. 
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§ 24b. Effect of gas in the path of slow a particles. An interest- 
ing effect is observed when a small pressure of gas is introduced 
along the path of a particles of such low velocity that the mean free 
paths for capture and loss are comparable in magnitude. Consider, 
for example, an experiment similar to that illustrated in Fig. 39, 
where A, B, C represent the distribution in a vacuum of He 0 , He + , 
He ++ , particles. On adding a pressure of air of 1*1 mm. in the chamber, 
corresponding to a stopping power of only 0*23 mm. of air, the three 
bands A> B, C disappear and are replaced by a single comparatively 
narrow band shown in D. Since the mean free path for capture for 
the highest velocity a particles present, viz. 0*37 F 0 , is about 
0*008 mm., it is seen that the average number of interchanges of 
charges in passing through the air is about 36 and still more for the 
slower particles. When the interchanges are as numerous as this, 
each a particle of a given velocity is deflected by a uniform magnetic 
field as if it carried a charge between e and 2e, the actual magnitude 
depending on the ratio of the mean free path for capture and loss. 

The average charge can be calculated in the following way. 
Suppose that the mean free paths in the gas of a particles of velocity 
V for capture and loss are Aj and A 2 respectively. The magnetic 
deflection will correspond to particles of velocity V for which the 


average charge is or e ( 1 + Al ). The total deflection 

A] t- A 2 \ Aj -T- A 2 1 

of such a pencil of rays in a magnetic field will be proportional to 

e/F.(l + x ^lx ) ' calculation, we have omitted to take into 

account the interchanges He + ^ He 0 which also occur to some 
extent. The effect of such changes would be to diminish the value of 
the average charge given above. 

In this particular experiment, the velocities of the a rays lay 
mainly between 0*37 and 0*25 F 0 . From the data obtained for 
capture and loss over this range of velocities, it can be calculated 
that the magnetic deflection will not be very different for particles 
of different speeds as the average charge is approximately propor- 
ional to the speed of the particles over this range. There is in con- 
sequence a marked concentration of the particles in a comparatively 
narrow band for which the average deflection is intermediate 
between the average for the broader and more diffuse bands A and B. 

This concentration effect, which is so intimately connected with 
the frequency of capture and loss at low velocities, gives a very 
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simple indirect method of testing whether a particles of low velocity 
capture electrons in their passage through hydrogen. In order to 
make the average mean free path in hydrogen about the same as in air, 
hydrogen was introduced into the chamber at a pressure of 5 mm., 
about equivalent to the pressure of 1 mm. of air. Under such con- 
ditions, a similar concentration of the particles in a narrow band D 
was observed. This affords a definite proof that the a particles 
capture electrons in hydrogen and that for such low velocities the 
ratio is of the same order as that observed in air. This is in 
contrast to the results already referred to (p. 125), where it is 
found that the mean free path for capture in hydrogen for very 
swift particles is very long compared with that for air. 

The effect of capture and loss on the curvature of the track of 
an a particle in a uniform magnetic field has been measured by 
Kapitza* by a direct method. The track of an a particle was photo- 
graphed in air and hydrogen in a very small expansion chamber of 
the Wilson type, and the curvature of the track was measured in a 
very strong magnetic field, produced by the passage through a coil 
of a very intense momentary current due to the discharge of an 
accumulator battery of special type. By a system of timing, it was 
arranged that the a particle entered into the expansion chamber 
at the moment when the current through the coil measured by 
an oscillograph was a maximum. An example of the curved 
tracks obtained is shown in Plate II, fig. 4, which represents the 
tracks in air in a field of 43,000 gauss. By careful measurement of 
the curvature at each point of the tracks in hydrogen at reduced 
pressure, it was possible to deduce directly the value of e'/V , i.e. the 
average charge e' of the particle divided by its velocity at each 
point. The results obtained are shown in Fig. 40. It is seen that the 
value of e'/ V passes through a flat maximum for a particles between 
8 and 17 mm. of hydrogen. The curvature falls off rapidly near the 
end of the track, but precise measurement was difficult owing to the 
scattering of the a particles by the gas. This effect, as we should 
expect, is much more marked in air than in hydrogen. This variation 
in the curvature of the track has been shown by Kapitza to be in 
good accord with the data available on the interchanges of charge 
of the a particles over the range of velocities involved. 

This experimental method has the advantage of giving the changes 
of curvature in a single track and not a statistical value of a number 
* Kapitza, Proc . Roy. Soc , . A, 106, 602, 1924. 
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of particles in a complex beam. The investigation was undertaken 
with the object of testing whether the curvature of the tracks of the 
particles at corresponding points of the range varied for different 
particles and thus be connected with the well-known phenomenon 
of the straggling of the a particles. The disturbances due to the 
scattering of the a particles by the gas, however, were too large to 
allow of a definite decision on this point. 

Kapitza has suggested that, on certain assumptions, one a particle 
may be expected to differ from another in the frequency of the 
interchanges of its charge. The experiments on the scattering of 
hydrogen nuclei by a particles indicate that the helium nucleus has 
an unsymmetrical distribution of forces around it. It may thus be 
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possible that an electron captured by an a particle is constrained to 
move in a definite orbit relative to the nuclear structure. The chance 
of loss of this electron, for example, may be expected to be different 
when the plane of motion of the electron is parallel or perpendicular 
to the line of flight. This question of a possible difference in the 
behaviour of individual a particles could be tested experimentally 
in this way if sufficiently strong magnetic fields were available to 
cause such a marked curvature of the track of an a particle that 
the disturbance due to scattering could be neglected. 

fc24c. Experiments with uncovered sources. We have so far 
referred to observations on the distribution of He+ and He+ + particles 
after passing through mica and other absorbing screens. An un- 
expected effect was noted when observations were made with bare 
soi rees of platinum wire coated with the active deposit of radium 
bv exposure to radon. Within the limit of experiment, the number 
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of He + particles corresponded to an equilibrium distribution. This 
could not be due to some of the radioactive atoms being driven by 
recoil into the metal, for a similar effect was observed when a 
polished metal wire was coated with a surface deposit of radium C 
by electrolysis. This result is surprising when we consider that on 
the average the deposit is not one molecule thick and that the mean 
free path for capture for such velocities corresponds to 3 to 4 mm. 
of air. It seems probable thht the distribution observed is to be 
ascribed to the radioactive matter itself. 

It is very difficult to believe that these He 4 particles come directly 
from the nucleus and, even if this be assumed, it is a curious coin- 
cidence that the number should be about that required for equili- 
brium between He + and He ++ in their passage through mica. It 
was at first thought that a partial equilibrium is set up by the 
passage of the a particles through the dense distribution of the 
electrons round the nuclei from which they are expelled. This 
peculiar effect can, perhaps, be explained by taking into account 
some recent observations made by Mile Chamie* on the distribution 
of active matter whether deposited bv the action of the emanations 
or by chemical action. She has obtained definite evidence that the 
active matter is not uniformly distributed but collects together in 
granules which may contain as many as a million atoms. Similar 
results have been obtained by Harrington f. Under such conditions, 
it is easily seen that an approximate equilibrium between singty and 
doubly charged particles will be set up by the passage of the a 
particles from the interior of the granules to the surface. The average 
thickness of these granules is sufficient to lead to an approximate 
equilibrium between He + and He + + in the issuing beam of particles. 

§ 24 d. Comparison with positive rays. The phenomena of capture 
and loss of electrons by a flying a particle are analogous to those 
shown by the positive rays in a discharge tube where the interchange 
of charges may be very rapid. The use of a particles, however, affords 
us a most convenient method for studying the interchange of charges 
for velocities much higher than can be obtained in a discharge tube. 
For example, the capture and loss of electrons by the a particle have 
been examined for velocities between about 2 x 10® and 4 x 10 8 
cm./sec. Detailed experiments on the mean free path of charged and 

* Mile Charate, C.R. 184, 1243, 1927; 185, 770, 1277, 1927. 

t E. L. Harrington, Phil. Mag . 6, 685, 1928. 



131 


CAPTURE AND LOSS OF ELECTRONS 

neutral hydrogen atoms in a discharge tube have been made by 
W. Wien and other investigators in his laboratory. The maximum 
velocity of the hydrogen particles in the experiments of Riichardt 
was about 2*3 x 10 8 cm. /sec., corresponding to an applied potential 
difference of 35,000 volts. In order to produce H + particles of 
velocity equal to the a particles of radium 0 an accelerating potential 
of 2*5 million volts would be required. From the results of Riichardt 
on hydrogen rays, it appears that the mean free path for capture 
and loss in air are equal, viz. about 1/2000 mm. at n.p.t. for a 
velocity about 2-26 x 10 8 cm. /sec. This corresponds to a velocity 
0*12 K 0 in terms of the a particle. It is to be expected that the inter- 
change H 4 H 0 if governed mainly by velocity must behave very 
similarly to the interchange He^. ^ He 0 . with the difference that the 
ionisation potential is higher for helium. From the data obtained 
from hydrogen rays, it is to be expected that the mean free paths for 
the interchange would be equal for a somewhat higher velocity than 
for hydrogen, viz. about 016 F 0 . The rough observations made 
with a particles are in approximate accord with this estimate, since 
the mean free path for the conversion of He 0 into He_ in air was 
found to be about 1/1000 mm. 

§25. Theory of capture and loss. We have s**en that the mean 
free path of an He^ or He 0 particle before losing an electron is in 
fair numerical agreement with the value to be expected on the 
ionisation theory. The problem of capture is in some respects more 
difficult and complicated, as it involves even in the simplest case the 
interaction of at least three charged bodies. From a physical point 
of view, it seems clear that for capture an electron must be liberated 
from an atom with a speed not very different from that of the a 
particle, and in very nearly the direction of flight of the a particle. 
On the ordinary theory of a collision of an a particle with a free 
electron, the electron projected at 60° with the direction of flight 
of the a particle will have the same speed as the a particle. If 
the electron is initially bound to an atom, the angle of escape will 
no doubt be dependent to some extent on the ionisation potential 
of the electron in its orbit. In order then that the liberated electron 
should have its direction altered to coincide nearly with the line of 
flight of the a particle, a second rectifying collision either with the 
nu< leus or with a neighbouring nucleus must be postulated. Such a 
collision will have little effect on the velocity of the electron but will 
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alter its direction. It is difficult to take into account rectifying 
collisions with other electrons, as the final speed depends on the 
closeness of the collision and the degree of binding of the electron 
to the nucleus, but the collisions of this type are probably unimportant 
in comparison with the nuclear collisions. 

The problem of such a three body collision is mathematically very 
difficult, but approximate solutions can be obtained with certain 
reasonable simplifications. The question has been examined carefully 
by L. H. Thomas*, and he finds that the chance of capture is much 
influenced by the orbital velocity of the electron round the nucleus. 
If this orbital velocity is small compared with that of a swift a 
particle, as in hydrogen and helium, the chance of capture will be 
small but will increase rapidly with lowering of the velocity of the 
a particle. If V is the velocity of the a particle, and v the orbital 
velocity of the electron, the chance of capture varies as {v/V) n , 
where v is small compared with V. We have already seen (p. 125) 
that experiments carried out to test this conclusion have shown that 
the chance of capture for swift a particles is very much less in 
hydrogen than in air. 

In the case of the heavier elements, where v for many of the 
electrons may be comparable with F, the problem is very different. 
It involves a consideration of the variation of the electric field due 
to the nucleus in the outer regions of the electronic distribution. 
Assuming the field, as found by Hartree, to vary a*s r 3 in the region 
for which collisions most readily lead to capture, Thomas found 
that the chance of capture should vary little for the heavier elements 
and be proportional to (e/F) 5 , a variation with F in good accord 
with that observed experimentally. In addition, an actual calcu- 
lation of the mean free path for capture in air for a velocity 0-94 F 0 
was of the right order of magnitude — actually about four times the 
value deduced from experimental observations. Jt is quite prob- 
able, however, that the value deduced experiments dy is too great, 
for it involves the assumption that \ ^ is the same for mica as 
for nitrogen and oxygen. On the whole it appears that the classical 
theory of collisions with simplifying assumptions is competent to 
account for the main features of the phenomena of capture and loss 
of electrons by a particles. A complete theory is beset with great 
analytical difficulties. 

The consideration of capture and loss may be approached from 
* Thomas, Proc . Roy. Hoc. A, 114, 561, 1927. 



CAPTURE AND LOSS OF ELECTRONS 


133 


another point of view. We have previously drawn attention to the 
remarkable fact that the ratio Aj/A, appears to be approximately 
constant over the range of atomic weights from aluminium to gold. 
This indicates that the phenomena of capture and loss are in some 
way intimately connected over this range. If it be supposed that 
capture is the inverse process to ionisation, R. H. Fowler* has shown 
that from the principles of dissociative equilibrium the laws of 
capture may be directly deduced if the laws of ionisation are known. 
The qualitative and even the quantitative results deduced from this 
theory are in fair accord with experiment for the heavier elements, 
but it is doubtful whether capture and loss are true inverse processes 
in the sense assumed. 

Oppenheimerf has investigated the problem of capture and loss of 
an electron by an a particle on the basis of the wave-mechanics. On 
certain simplifying assumptions, he finds that the mean free path for 
capture in air for the doubly charged a particles varies as v 6 , where 
v is the velocity of the particle. The calculated value of the mean free 
path for air is in fair agreement with the experimental results. 

* R. H. Fowler, Proc. Comb. Phil . Soc. 21, 521, 1923; 22, 253, 1924. 
t Oppcnhcimcr, Phys. Rev. 31, 349, 1928. 
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CHAPTER V 


THEORIES OF ABSORPTION OF a RAYS 

§ 26 a. Theory oi absorption of a particles. We have already dis- 
cussed the experimental results which have been obtained on the 
retardation of the a particle in passing through matter, and the 
variation in atomic stopping power for the different elements. It is 
of great interest and importance to consider in some detail how far 
we are able to give a theoretical explanation of the observed facts. 

It is clear that the a particles have such great energy of motion 
that they pass freely through the electronic structure of the atoms 
in their path, and it is only rarely that they pass close enough to 
the nucleus to experience a sensible deflection. In the calculations 
we shall disregard the scattering of the a particles and assume that 
the a particle travels in nearly a straight line through the matter 
in its path. 

In consequence of its charge, it is evident that the a particle, in 
passing close to an atom or in penetrating it, must disturb the motions 
of the electrons in the atom. The amount of energy which is com- 
municated to the electrons by the a particle can be calculated on 
certain assumptions, but it is difficult to be certain of their validity. 
The difficulties involved may be illustrated by the distinction made 
to-day between an “elastic” and “non-elastic” collision of an 
electron with an atom. Suppose, for example, that an electron of 
definite energy collides with a helium atom. For an energy less than 
20 volts, the electron is supposed to make an elastic collision with the 
atom, i.e. it is deflected with a very slight reduction of its energy. 
H the electron has an energy slightly greater than 20 /oils, it may 
suffer an “inelastic collision” in which it gives most of its energy to 
the atom, resulting in the excitation of the atom by the displacement 
of one of the electrons to an outer quantum orbit. When the electron 
falls back to its original position, the energy given to the atom is 
radiated away. When the energy of the colliding electron is greater 
than 24*5 volts, it may again give most of its energy to the 
atom, resulting in the ionisation of the atom, i.e. the escape of an 
electron from the atom. Now, if the electron has an energy slightly 
less than the excitation energy, it must violently disturb the motions 
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of the electrons in the helium atom and thus momentarily give 
energy to the atomic system, but this energy is in some way returned 
to the colliding electron, so that finally it has only expended the 
slight amount of energy corresponding to a perfectly elastic collision. 
If this view of the conditions of transfer of energy between an electron 
and an atom is substantially correct, we are faced with the question 
whether or not the transfer of energy between the a particle and the 
atom is controlled by similar conditions. We shall have occasion to 
discuss later different theories in which these factors are taken into 
consideration. 

For simplicity let us at first suppose that the electrons in the 
atom are at rest, and calculate the kinetic energy given* to the 
electrons by the passage of an a particle either through or close to 
the atom. Let M, V , E be the mass, velocity, and charge of the 
a particle, and in and e the mass and charge of the electron. After 
a collision, the velocity u of the electron deflected through an angle 
6 with the direction of the incident a particle is given by 

23/ V £ k > T/ n / 1 \ 

3/ -f m v h 

since m/M is small. Suppose the forces between the a particle and 
the electron are electrical and vary as the inverse square. If p be 
the distance of the electron from the path of the a particle before 
collision, then it can be shown that p — p tan 9, where 

,L plV' M' ml' 2 


since E - 2e. If q — \mu l be the energy communicated to the 
electron, then from (1) and (2) it follows that 

Sc 4 


Sc 4 /l 1 \ 

mV~\q 2 m V 2 


.(3). 


In passing through a thickness <Li: of matter containing .V atoms 
per unit volume, each with h electrons, the number of encounters of 
the a particle with electrons for which p lies between p and p ~f dp is 


.( 4 ). 


_ %T . . , 8e 4 dq 

27rA n p dp dx - ttS n dx ***. - 

1 r ml 2 q* 

The loss of energy by the a particle due to all encounters with the 
electrons in a distance dx is given by 


3/1 


r dV Hrrf 4 A n dq 


dx 


ml* 


.(5). 
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Integrating between the limits q x and q 2 , the integral becomes 
log* qjqi . From ( 1 ) the maximum energy q 2 communicated to an 
electron is 2 mV 2 . If q x = 0 the integral becomes infinite, indicating 
an infinite absorption. To overcome this difficulty it is necessary 
to disregard distant encounters between the a particle and the 
electron and to give a finite value to q x . This has been done by 
J. J. Thomson* in his theory of the absorption of /3 particles by matter. 
Darwin f, in his theory of the absorption of a particles, supposed that 
energy was taken from the a particle only if it entered the atom, and 
found on this assumption an approximate agreement between theory 
and experiment. 


§ 26b. In order to give a more physical meaning to this limitation, 
BohrJ introduced the new conception, that the electrons initially 
at rest are able when disturbed to vibrate with definite natural 
frequencies. If this time of vibration is long compared with the time 
taken by an a particle to traverse the atom, the energy transferred 
will be the same as if the electron were free. If, however, the time 
of vibration is short compared with the time of transit of the a 
particle, the energy transferred is less and becomes smaller the 
higher the frequency. By supposing that each electron has a natural 
frequency and integrating over all the electrons, the loss of energy 
from the a particle can be calculated. The transfer of energy to the 
vibrating electrons is integrated for values between p = oo and 
p = a, while the loss of energy by the closer collisions is calculated as 
in formula (5) for values of p between a and 0. On certain conditions 
which hold for light atoms, the actual calculated transfer of energy 
does not depend on the assumption of any particular value of a. 
In this way Bohr found 


dV __ 4t re'E'N * K V*Mm ^ 

dx ~ mV 2 T ° g 2t rvEe (M "+ m) 


(6), 


where v is the frequency of vibration of the electron considered 
and n the number of electrons per atom. K - 1-123 is a numerical 
constant. 

In order to compare theory with experiment, we shall confine 
ourselves to a consideration of the passage of a particles through the 
two simplest gases, hydrogen and helium, for which the assumptions 


* J. J. Thomson, Phil. Mag. 23, 449, 1912. 
t Darwin, Phil. Mag . 23, 901, 1912. 

% Bohr, Phil. Mag. 24, 10, 1913; 30, 581, 1915. 
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made in the calculation hold closely . The hydrogen molecule contains 
two electrons, each of which may be supposed to have the same 
natural frequency v. A similar assumption is made for the helium 
atom. In these cases, Bohr’s formula reduces to the form convenient 
for calculation 


Fo 4 - JV 

X 


128tt e 4 iV ymV* 

mM ° g 4rreV 


( 7 ), 


where F 0 and F t are the velocities at the ends of a short interval of 
length X , and V is the mean value of F for X. If V is very great, 
we can neglect the variation in the logarithmic term, and 


F 0 4 - F/ = aX, 

where a is a constant which can be calculated. This is of the same 
form as J. J. Thomson’s original theory for cathode rays and has 
been shown to hold experimentally by Whiddington and others. 
For still swifter {$ rays, the relation between F and X is more com- 
plicated (§ 99). 

At the time Bohr advanced his theory, the quantum theory of 
spectra had not been developed. The natural frequency to be ascribed 
to the electrons was deduced from the dispersion formula of Lorentz 
and the experimental observations of t\ and M. Cuthbertson. The 
frequency of the two electrons was taken as 3-52 x 10 15 for hydrogen 
and 6-Ox 10 15 for helium, corresponding to quantum energies of 
14-3 and 24-5 volts respectively, values not very different from the 
main excitation potentials subsequently found by experiment. On the 
whole, there was a fair accord between calculation and experiment. 
For example, it was calculated from (6) that in hydrogen the value of 
dV 

is — 4-9 x 10 7 and — 2-6 > 10 7 for velocities of the a particle 

1-35 x 10 9 and 1-75 x 10 9 cm. /see. respectively, while the corresponding 
experimental values were — 5-4 \ 10 7 and - 2-7 x 10 7 . 

In order to bring the theory more into accord with modern views 
of spectra, it is necessary to suppose that the electron does not 
execute elastic vibrations as in the original theory, but rotates in a 
definite quantum orbit which is perturbed by the passage of the 
a particle. Calculations for hydrogen and helium have been made 
recently along these lines by R. H. Fowler*. He finds that the 
absorption formula is of exactly the same form as that given by Bohr ; 
th ) frequency of rotation o> taking the place of V but the constant 


♦ R. H. Fowler, Proc . Camb. Phil . Soc . 22, 793, 1925. 
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y is larger, viz. 2*42 instead of the old value 1*123. This modification, 
which leads to a greater stopping power, appears to be connected 
with the fact that in elliptical motion a change of energy involves 
a change of frequency while in harmonic oscillations it does not. 
The value of to for the hydrogen molecule is taken as 1*12 and for 
helium 2*9 times its value for the normal orbit of the hydrogen atom. 

An excellent test of the theory is to compare the ratios of the 
observed and calculated stopping powers of the a particles in hydro- 
gen and helium for different velocities. The results are given in the 
following table. 


cm. /sec. 

Ratios of stopping powers Ha/ Ho 

Observed 

Calculated 
y =2*42 

Calculated 
y 1 

1*98 x 10® 

1-19 

117 

1-20 

1*68 a 10® 

1*22 

1*18 

1*22 

1-26x10® 

1*30 

1*22 

1*27 

! 10- 10® 

1-40 

1-26 

1*34 


The general agreement between experiment and calculation is 
satisfactory, but is best if y ^ l instead of the calculated value 2*42. 
Fowler gives reasons why the value of y ought to be taken smaller 
than that calculated. For very slow collisions, it may be that there 
is no energy transfer. To give a value y — 1, the transfer of energy 
should cease when 27rpa>IV - 0 0, i.e. when the time taken for the 
a particle to describe a circle of radius p reaches about 3/5 of the 
time of revolution of the electron in its orbit. 

Undoubtedly the classical theory of Bohr, as modified by Fowler, 
has proved competent to account fairly closely for the absorption 
of the a particle in the elements hydrogen and helium. There still, 
however, remains the uncertainty whether the a particle can lose 
energy to the atom when the collision is too slow to give sufficient 
energy to the electron to cause an excitation or ionisation of the atom 
or molecule. 

This question has been attacked by Gaunt* on the basis of the 
new mechanics, and a partial solution obtained. The new theory 
deals only with statistical averages and gives a mean energy transfer 
in a collision without any assumption of particular energy switches. The 
transfer of energies by close collisions leading to ionisation, which 

+ Gaunt, Proc. Camb. Phil. Soc. 23, 732, 1927. 
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has not been computed on the new theory, is assumed to be the same 
as on other theories. The theory shows that occasionally energy is 
given to an electron by a distant collision and in this respect is 
analogous to Bohr’s original theory. The surprising result emerges that 
the absorption of the a particle in hydrogen has exactly the same 
form as in the Bohr theory (equation 7), but the value of y, which is 
difficult to calculate with certainty, may be slightly different. 

The calculations required are very’ intricate and have so far not 
been applied to other atoms, but it appears that while the under- 
lying ideas of Bohr’s theory are somewhat modified, the calculated 
values of the absorption are essentially unchanged. 


§26c. We shall now consider some attempts made by Hender- 
son* and Fowlerf to calculate the stopping power on the assump- 
tion that the energy can only he lost by the a particle either in 
exciting or ionising the atom. The formula for this purpose has 
already been given in (5), where q is the energy communicated to 
the electron. Since dqjq is a pure number, the unit of energy employed 
is immaterial and it is convenient to express the energies in terms 
of equivalent voltages, i.e. the potential drop in volts to generate 
the same velocity in an electron. If 11 is the energy in volts of an 
electron having the same velocity V as the particle and A the 
ionisation potential, the limits of the integral in (5) are 4 IF, which 
is the maximum energy transferred, and A, then 


lfl .</r 87 re*Xn . 411' 

J/l , ro-log-. 

(Ix ))l 1 “ ^ A 


( 8 ). 


This gives the loss of energy due to ionisation of the atom.J 

It is necessary also to take into account the transference potential 
r due to excitation of the atom. In general, for most atoms and 
molecules, the transference potentials are probably distributed at 
fairly close intervals after the first one. The rate of expenditure of 
energy due to transference is given by (8). if r replaces A. For 
convenience of calculation, the general equation can be put into 
f he form 


IV 


.Y 


F 4 


mM 



vitu'X 

mM 


* Henderson, Phil. Mag. 44. 680, 1922. 
t Fowler, Pror. Camh. Phil. Soc. 21, 521. 1923. 

. This calculation is based on the assumption that the electrons in an atom have 
a random distribution, Loch and Condon {Journ. Franklin hist. p. 95. 1923) have 
pointed out the difficult ten in this as umptiou. 
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where X is the distance in cm. and W a suitable mean value for the 
velocity drop V 0 to V. The summation is extended over all electrons 
each with the appropriate values of r which are obtained from 
optical and X ray data. All values of t greater than 4 W are excluded. 
The quantity under the summation sign, which is the only variable 
from atom to atom, may be called S, the relative atomic stopping 
power. The values of S calculated by Fowler for velocities of the 
a particle between 1-0 and 0-0 of the velocity of the a particle from 
radium C (1*922 x 10 9 cm. /sec.), i.e. for ranges between 7*0 and 5*2 cm. 
at 15° C., are given in the table. 


Atomic 

no. 

Atom 

S 

observed 

S 

calculated 

Ratio 

calculated 

observed 

1 

J h 2 

11-5 

605 

0-53 

2 

He 

18-6 

10*5 

0-56 

(■•2) 

i air 

550 

30-8 

0-56 

10 

Ne 

67 

42-8 

0-64 

13 

Al 

81 

50*2 

0-62 

18 

A 

107 

, 63-4 

0-59 

29 

Cu 

146 

94-2 

0-63 

36 

Kr 

165 

102-7 

0-62 

47 

Ag 

177 

124 4 

0-70 

54 

Xe 

217 

131-2 

0-60 

79 

Au 

233 

167-1 

0-72 


The experimental data for hydrogen and the monatomic gases 
are taken from Gurney*; the values for Al, Cu, Ag and Au from 
Marsden and Richardson f and from Marsden and TaylorJ. On ac- 
count of the imperfection of metal foils, the results for the metals 
are probably not so accurate as for the gases. 

The fifth column gives the ratio between the calculated and 
observed stopping powers. It is seen that on the average the cal- 
culated stopping power is about 00 per cent, of the observed but, 
considering the wide range of atomic numbers, the ratio shows little 
variation. It seems clear that calculations of this kind can be relied 
on to give the relative stopping power for the heavier atoms with 
fair accuracy. 

In the original theory of Henderson and Fowler, the electrons in 
the atom were assumed to be at rest and to that extent the theory 

* Gurney, Proc. Roy. Roc,. A, 106, 340, 1925. 

t Marsden and Richardson, Phil. Mag. 26, 184, 1913. 

X Marsden and Taylor, Proc. Roy. Roc. A, 88, 443, 1913. 
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is artificial. Thomas* and E. J. Williamsf have carried the analysis 
further by taking into account the actual motions of the electrons 
in the atom, and have found that for the heavier atoms the dis- 
crepancies between observation and calculation shown in the above 
table are largely removed. The effect of the motion of the electrons 
is to increase the stopping power as calculated on the simple collision 
theory. The complete calculations are intricate and depend on a 
summation of the effects of all the electrons moving in a field of 
force which varies from point to point in the atom. In a number 
of cases, the results of Hartree’s calculations on the field of force 
round certain atoms have been utilised. Thomas has compared the 
results of his calculations with the observations of the observed 
stopping power of the monatomic gases for different velocities 
obtained by Gurney. Considering the difficulty of the calculations, 
the agreement is surprisingly good over the whole range of velocities 
for argon and to a less extent for krypton and xenon. In the case of 
neon, there are considerable discrepancies especially for low velocities. 
This is no doubt due to the uncertainty of our knowledge of the 
motions of the electrons in the neon atom. 

It is of interest to consider how far the different theories of stopping 
power of the a particle are in accord with the experimental results 
for the lighter gases. This is shown in the following table compiled 
by E. J. Williams for a rays of velocity 1*88 \ 10 9 cm. /sec. corre- 
sponding to 1000 electron-volts. 




Olwerved ' 

Calculated 

stopping power per 

electron | 

( h\H 

! 

stopping 
power per 
electron 

liohr theory 

Henderson 
t heory 

Revised j 

Henderson | 
theory j 

h 2 

120 

12 S 

I tvl 

8-2 I 

nl 

100 

110 

' 

(>•9 1 

N t 

8 1 

10-4 

4*8 ; 

71 i 

O t | 

7-7 

io r> 

4*8 

71 

No 

7 1 

10 2 

1 _ 

4-7 

7-4 j 


The calculations can be made with most certainty for the light 
elements and it is of interest to note that Bohr's theory agrees best 
for H a and He. On the other hand, the revised Henderson theory 
is in better accord with the experimental results for N f , 0 2 and Ne. 

* Thomas, Pme. Camh. Phil. Sac. 23, 713, 1027. 
t K. J. Williams, Proc.. Manch. IM. and Phil. Soc. 71, No. 4, 23, 1927. 
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In the case of the heavier elements, where the theory of Bohr is 
difficult to apply, the revised Henderson theory is in fair accord with 
the observations. 

We have seen (§23 b) that while the variation of straggling of the 
a particles with thickness of matter traversed is in good agree- 
ment with calculation, the actual magnitude of the straggling is 
greater than that calculated on the classical theory of Bohr. Theory 
and experiment could be brought into accord if the number of close 
collisions, involving considerable losses of energy, were twice as 
numerous as those calculated. This discrepancy is considerably 
reduced by taking into account the velocities of the electrons in 
their orbits, as in the revised Henderson theory, but is not com- 
pletely accounted for. We have seen, however, that in the wave 
mechanics there is a certain probability that even distant collisions 
may transfer considerable amounts of energy to the atom, and the 
difference may be made up in this way. It will be seen also (§28) 
that the ionisation of the a particle per unit path in gases indicates 
that the number of ionising collisions is about twice as great as 
that calculated on the simple theory. 

Considering the intricacy of the problem of the passage of the 
a particle through matter and the uncertainty of some of the atomic 
data which have been used in calculation, there is a very fair agree- 
ment on the whole between theory and observation. No doubt the 
present theories are to some extent provisional and will have to be 
replaced ultimately by more elaborate calculations based on the 
wave mechanics. 

It is clear, however, that in general a reasonable if not complete 
explanation can be given of the main facts of observation, viz. the 
laws of retardation of the a particle, the straggling of the a particles, 
and the variation in stopping power of different atoms and its 
dependence on the velocity of the a particle. It is seen that the 
Bragg rule for stopping power is purely empirical, although of a 
very convenient form for rough calculation of stopping powers. 
It is of interest to note that the theory of Thomas shows clearly the 
factors on which the variation of stopping power with velocity 
depends. The theory, in its present form, does not allow us to follow 
the variation of the velocity of the a particle near the end of its 
range. This no doubt is much complicated by the changes of charge 
of the a particle which become so prominent near the end of the 
range. 
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§27. Absorption of jS rays. The comparison of theories of ab- 
sorption of a rays with experiment can be made over a very limited 
range of velocity, viz. between about 0-8 x 10 9 and 2-0 x 10 9 cm. /sec., 
corresponding in speed to electrons of energy between about 200 
and 1100 volts. No a particles of higher energy are available in 
sufficient quantity for experiment. However, the theories of ab- 
sorption of a particles and electrons of moderate speed are practically 
identical in form, and the comparisdn of theory with experiment 
can be carried to much higher velocities by studying the range and 
stopping power of particles of speed greater than a particles but 
not sufficiently high to require sensible relativity corrections for 
mass and energy. From the requirements of the theory of Bohr, 
it is to be anticipated that the theory would hold more accurately 
the liigher the speed of the particle. 

When a pencil of homogeneous X-rays is passed through a gas in a 
Wilson expansion chamber, a number of tracks of ft rays are observed 
of which the initial energy of projection can be calculated from X-ray 
data. A measurement of the length of such tracks in various gases 
has been made by Wilson, Nuttall and Williams, and others. E. J. 
Williams has made a comparison between the observed ranges and 
those calculated on the theory of Bohr. 


Gas 

lint ml energy 
of electron 
(volts) 

j Observed 
range 
(cm.) 

Calculated range 
on Bohr's theory 
(cm.) 

H. 

4 . 80 U 

0-36 

0-22 

t H a 

7,500 

0*73 

0-50 

O, 

3,790 

0*049 

0022 

O, 

7,560 

i 0119 

0*072 

A 

20,400 

0-68 

0 41 

Air 

58,000 

i 5-7 

! 2*9 


It is seen that the calculated ranges are only 60 to 65 per cent, of 
the observed values, and the discrepancy is in the same direction 
for all the gases including hydrogen. As in the case of the a particle, 
the revised Henderson theory gives a range somewhat greater than 
the observed values. 

If these results are correct, it seems clear that the theories are 
still sensibly in error even for high speed particles where it is to be 
anticipated that the calculations would be most reliable. 

§ 28. Theory of ionisation by the a particle. The ionisation pro- 
duced in different gases lias been discussed in §§ 16-18 and it is 
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there shown that the amount of ionisation per unit path of a pencil 
of a particles is approximately proportional to the expenditure of 
energy by the a particle. Small differences are observed for different 
gases, particularly for slow velocities of the a particle. The average 
energy required to produce a pair of ions varies from gas to gas, but 
particularly in the case of diatomic gases it is very much greater than 
that corresponding to the ionisation potential of the gas, as ordinarily 
measured. The results have been given in the table on page 81. 

It is known that the primary ionisation due to an a particle 
results from the liberation of an electron from the atom or molecule. 
Depending on the closeness of the collision, these electrons or 8 rays 
as they have been termed (§ 29) may have velocities between 0 and 2 F, 
where F is the velocity of the a particle. If the speed of the ejected 
electron is sufficiently high, it may in turn produce a number of ions 
in the gas before it comes to rest. This is termed the secondary 
ionisation, and it is important in calculation to distinguish between 
these two modes of production of ions. If p is the ionisation potential 
of the gas and 2 the energy of the liberated 8 particle, it is clear that 
the number of ions produced by the 8 particle must be less than z/p. 
As a result of a detailed calculation, R. H. Fowler* finds the average 

number of ions to be | . 2 ' P , so that for a swift 8 particle about 

three-quarters of the energy can be utilised in producing ions. 

From the collision theory, it is possible to calculate at once the 
primary ionisation produced by the a particle when the ionisation 
potential is known. This has been done for the £ rays by J. J. Thom- 
son and for the a rays by Bohrf. The problem has been discussed in 
more detail by R. H. Fowler. We have shown in equation (4) that the 
number of encounters in a length of track dx which result in a total 
transfer of energy between q and q -f dq is 


ttNu dx ~ f! 2 . -f . 
m 1 2 q 2 


If p is the energy required to remove the electron from the atom, 
the number of encounters which give rise to primary electrons of 
energies after escape between q and q -f dq is 

8e* dq 


ttNu dx 


mV' 1 ' {q + p) 1 ' 


* R. H. Fowler, Proc. Camb. Phil. Hoc . 21, 531, 1923. 
t Bohr, Phil. Mag . 24, 10, 1913; 30, 581, 1915. 
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Taking into account that there are n electrons in the atom each with 
a distinct value of p , the total amount of primary ionisation in 
a length dx of track is therefore 


irN dx . T9 2a s n s \ . 

mV 2 Jo (? 4-/> s ) 2 

Assuming that the average energy required to produce an ion is the same 
for an a particle as for an electron and is equal to the ordinary ionisation 
potential, it can be shown that the total ionisation is given by 


where 


8c 4 

t rXdx 

mV 1 s 


r2»»r , -p, g (g)d g 

Jo (<I + P») 2 ’ 


V (?) -- 


4 ' p. 


On these assumptions, Fowler ( loc . cit.) has calculated the primary 
ionisation P and the total ionisation T per cm. of track of an a particle 
for different velocities. A comparison of theory with experiment is 
included in the following table. The values of the number of ions 
are taken from the data of Geiger and Taylor. 


( las 

H’ in volts 

1IKH) 

800 

000 

400 

•u 

T ■ 10~ 3 Calculated 

'>•28 

6-33 

8-04 

11 13 


Ohsei vch! 

4-6 

4-8 

50 

8-3 


T/P Calculated 

4 4 

42 

4-0 

3 7 

Hr 

T • l<r 3 Calculated 

2d.) 

2*56 

3-22 

440 


! Observed 

4-6 

4-8 

5-6 

8-3 

: 

i 

'l j P Calculated 

3-8 

30 

3-4 

1 3 1 

Air 

T v 10 -4 Calculated 

1-6 

1-9 

2-3 

| 30 


Observed 

2-2 

2-3 

2*7 

| 3-95 


TjP Calculated 

5*8 

5-4 

4-9 l 

| 4 4 


While the calculated ionisation is in all cases of the right order of 
magnitude, it is noteworthy that the results for hydrogen and helium 
are very different. In hydrogen, the calculated ionisation is some- 
what greater than that observed for all velocities ; while for helium 
.he values are about half of the observed. 

In order, however, to get a clear idea of the agreement between 
calculation and experiment for the different gases, it is necessary to 
consider carefully the experimental data to be utilised in the cal- 
culations of the ionisation. In the table, the energy required to 
produce an ion is taken as the ordinary ionisation potential of the 
gases, viz. 11*5, 24-5 and about 16-5 volts for hydrogen, helium, and air 


RRS 


10 
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respectively. We know, however, that the average energy expended 
by the a particle per pair of ions is 33, 28 and 35 volts for H 2 , He, and 
air respectively (§ 18 ). In addition Lehmann*, Lehmann and Osgoodf 
have directly measured the average energy required to produce an 
ion for electrons of energies between 400 and 1000 volts, and find 
values of 37-5, 33 and 45 volts for H 2 , He and air respectively. Since 
much of the secondary ionisation due to the a particle results from 
electrons of this order of energy, it is evident that we cannot safely 
employ in calculation the actual minimum ionisation potentials. If 
we take Lehmann’s values for the average energy in the production 
of ions by secondary electrons and the minimum ionisation potential 
for the primary ionisation, it is clear that the value of T and the ratio 
of TjP are much smaller than those given in the table. 

Taking into account the reduction factor employed in calculating 
the secondary ionisation, and using the data of Lehmann, it can be 
estimated that the total ionisation T per cm. for an a particle of 
speed corresponding to 1000 electron volts in hydrogen, helium, and 
air are in thousands of ions 2*9, 2-15, 91 respectively, while the 
observed values are 4-6, 4-0 and 22 respectively. On the average, 
the ionisation calculated in this way is about one-half the observed 
for all three gases. This indicates that the number of collisions which 
lead to ionisation are about twice as numerous as those calculated 
on the Henderson theory, and about 1*5 times the number on the 
revised theory 7 . A similar result has emerged from a comparison of 
theory with observation for absorption and straggling of the a rays. 
The analyses of these different data are thus consistent among them- 
selves and lead to the general conclusion that for the lighter gases 
the number of effective collisions giving rise to the liberation of 
8 particles of different speed is about twice as great as that calculated 
from simple classical considerations, when no account is taken of 
the orbital velocity of electrons. 

If the classical considerations of the transference of energy between 
the a particles and electrons are substantially correct for close en- 
counters, the difference must be due to the probability of transfer 
of considerable quantities of energy in more distant collisions, which 
on the classical theory give only a small energy transfer. Such 
interchanges are possible on the new wave-mechanics and a more 
complete solution will no doubt ultimately be given along these lines. 

* Lehmann, Prcc. Roy. Soc. A, 115, 624, 1927. 

t Lehmann and Osgood, Proc. Roy. Soc. A, 115, 609, 1927. 
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SECONDARY EFFECTS PRODUCED BY a RAYS 

In this chapter we shall discuss some of the secondary effects ac- 
companying the emission of a particles, including the emission of 
delta rays, the recoil accompanying the ejection of an a particle, 
the heating effect produced by the absorption of a particles, and the 
production of helium due to the accumulated a particles. 

§ 29. Emission of delta rays. When a stream of a particles passes 
through a thin sheet of matter in a vacuum, a number of electrons 
are observed to be emitted from both sides of the plate. The energy 
of the great majority of these electrons is only a few volts, but the 
total number from each surface of the plate Is of the order of 10 times 
the number of incident a particles. J. J. Thomson*, who first studied 
this emission of electrons from a polonium plate, gave them the name 
of 8 (delta) rays. A large amount of work has been done to determine 
the factors involved in tin* liberation of these electrons, including the 
effect of velocity of the a particle, the nature of the bombarded 
material, the state of its surface, and the distribution with velocity 
of the escaping electrons. Before discussing these data, it is desir- 
able to consider the origin of these electrons. It is clear that the 
escape of electrons, whether from a radioactive surface or a bom- 
barded plate, is in a sense a secondary effect connected with the 
absorption of energy of the a rays hi their passage through matter. 

In fact, on modern views, the emission of 8 rays is a necessary and 
inevitable consequence of the passage of a rays through matter. 
Suppose an a particle in traversing matter passes close enough to 
an electron to give it sufficient energy to escape from the parent 
atom. This is the ordinary process of ionisation by the a particle. 
The escaping electron may. however, have a wide range of velocity 
depending on the closeness of the collision. Let E , Jf, V be the 
charge, mass and velocity of the a particle; e, m, u the corresponding 
quantities for the electron after the collision. Suppose for simplicity 
of calculation that the electron is initially free and at rest. Let 6 be 
the angle between the direction of emission of the electron relative 

* J. J. Thomson, Proc. Catnb. Phil . Soc. 13, 49, 1904. 
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to the direction of flight of the a particle. Then by the principles 
2 M 

of mechanics u — V . cos 6 = 2 V cos 6 , since mlM is small. 

M + m 1 

Consequently the maximum velocity acquired by an electron, i.e. 
when 0 = 0, is 2 F, or the maximum velocity cannot be greater than 
twice the velocity of the colliding a particle. This deduction will 
be seen to be in good accord with observation. It can be shown 
(§ 26) that the number n of electrons projected within the angle 0 
by a single a particle in passing through a small thickness t of matter 
is given by n = v-Ntf* 2 tan 2 6, where N is the number of electrons 
per c.c. of matter and ft = EejmV a . It is clear from this calculation 
that the number of electrons projected nearly at right angles to 
the direction of the a particle, i.e. with slow speeds, will greatly 
preponderate. In the actual material the electron is not free but is 
bound to an atom, and a definite amount of energy measured by 
its ionisation potential is required to release it. Since the lowest 
ionisation potential of an atom, usually less than 20 volts, is small 
compared with the energy with which many of the electrons are 
liberated by an a particle, the above equation will not be seriously 
in error if we confine our attention to the swifter electrons. The 
number of electrons liberated increases rapidly as the velocity of 
the a particle is reduced but the maximum energy of emission 
diminishes. 

Since the swifter electrons may travel several millimetres in 
hydrogen producing a number of ions in their track, the production 
of these 8 rays may be studied by photographing the tracks of a 
particles in hydrogen or other gas at low pressure. A number of 
electron trails are seen to radiate from the a ray track. The slower 
electrons have so small a range that they appear as knobs or pro- 
jections along the track, giving it a ragged edge. 

Examples of such 8 ray photographs by Chadwick and Emelins 
are shown in Plate III, figs. 3 and 4, which illustrate the points men- 
tioned. Photographs of this kind were first obtained by Bumstcad* 
and later by C. T. R. Wilsonf, Chadwick and Emeteus, and Auger. 

Using the a particles of radium C, of velocity V, the maximum 
velocity of the swiftest 8 particle should bo 2F, corresponding in 
energy to about 4000 volts. Chadwick and Emcteust found that 

♦ Bumntead, Phys . Rev. 8, 75, 1916. 
f C. T. R. Wilson, Proc. ('amh. Phil. Sor. 21, 405, 1922. 
x Chadwick and Kmeteun, Phil. Mny. 1,1, 1926. 
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the longest 8 ray tracks were 2 mm. in H 2 , 2*6 mm. in He, and about 
0*45 mm. in air at n.t.p. The lengths of these tracks are in good 
accord with that to be expected for 4000 volt electrons, assuming 
that the length of the trail of an electron is proportional to the fourth 
power of the velocity, as observed by C. T. R. Wilson. Wilson noted 
that no visible 8 ray tracks appeared for the last few centimetres 
of the range of the a particle in air. This is not due to a cessation 
of emission of 8 rays but to the fac£ that the length of the trails 
falls off rapidly with the decrease of velocity of the a particle, and 
they are consequently difficult to observe. The swiftest 8 ray emitted 
by an a particle of range 2*4 cm. would have a range in air of only 
0*11 mm., and in consequence would only be detected under good 
photographic conditions. 

If a particles from thorium C' of velocity 2*09 x 10 9 cm./sec. pass 
through hydrogen, the calculated number n of 8 particles per cm. is 
given by h ~~ -‘4 tan 2 6, vide p. 148. Chadwick and Emeleus concluded 
that only those tracks were recognisable which had a minimum 
range of about 0*15 to 0-2 mm. Taking this factor into account, the 
number of 8 rays to be seen per cm. of track is given by n 9 for 
Il 2 , 11-5 for air, and 11 for helium. For an average velocity of the 
a particle 2 < 10 9 cm. /sec. in hydrogen 157 tracks had a range greater 
than 0*62 mm., 51 tracks a range greater than 1 mm. and 10 greater 
than 1-37 mm. These numbers are in the ratio 3*1 : 1 : 0*2, while the 
calculate 1 numbers are in the ratio 2*1 : 1 : 0*47, a very fair agree- 
ment with the Simple theory, considering the difficulties inherent 
in the deductions from experiments. 

Auger* independently made a similar comparison using the a rays 
from polonium of range 3*9 cm., and found an even closer agreement 
with theory. Over a total length of (30 cm. of a number of a ray 
tracks in hydrogen, he observed 246 8 tracks of range greater than 
0*25 mm. or 4*1 per cm., while the calculated number was 4*9. In 
all, 36 tracks were observed with ranges greater than 0*67 mm.; 
the observed number per cm. is 0*6 and the calculated 0*64. 

While there is good numerical agreement between the observed 
and calculated numbers of 8 particles of different velocity, the 
direction of emission does not always agree with the theory. For 
8 particles in air, C. T. R. Wilson noted that the particles appear 
4 o be emitted normally to the line of motion of the a particle. 
Chadwick has observed the same effect both in air and in argon, but 
* Auger, Journ . de phys. 7, 65, 1926. 
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in hydrogen and helium, on the other hand, he observed that the 
8 particles of long range have undoubtedly a velocity component 
in the direction of the a particle. Chadwick concludes that these 
anomalies in the direction of emission are due to the scattering of 
the 8 particles which is particularly marked in the heavier gases. 
Since the liberation of an electron in swift motion round a nucleus 
is a complicated process, it may be, however, that the simple theory 
gives nearly correct results with regard to the number and energy 
of the 8 particles, but may be insufficient to give the final direction 
of emission. Chadwick and Emeleus applied a magnetic field along 
the axis of the expansion chamber to test whether any swift 8 
particles were emitted in the direction of flight of the a particles. 
No certain difference was noted, but the curvature given to the 
8 ray track is clearly observable (Plate III, fig. 4 ). 

It is to be expected that an a particle would occasionally remove 
one of the K electrons from nitrogen or oxygen. In such a case, the 
electron would escape with a slow speed and X-radiation would be 
emitted when the atom returned to its normal state. This radiation 
will be absorbed in the neighbouring gas and give rise to a particle 
of short range. Wilson has observed such short tracks of rays 
close to the a ray track in air and Chadwick in argon. 

From these experiments on the emission of 8 particles we are able 
to understand in a general way the emission of electrons from a 
plate bombarded by a rays. The electrons are emitted from the atoms 
at ail velocities between the maximum 2 V and 0, where V is 
the velocity of the a particle. These electrons are scattered and 
absorbed in the matter, and the number and distribution with 
velocity of those which escape from the surface will depend on a 
number of complicated factors. Chadwick has deduced that the 
number n of escaping electrons of energy greater than T should 
be given approximately by the formula n = a/T — 6, where a and b 
can be roughly calculated. 

This formula is in fair accord with the experiments of Bumstead 
who determined the distribution with velocity of the particles 
emitted by a surface bombarded by the a rays from polonium. An 
accurate determination of this distribution is beset with many 
experimental difficulties, since the swifter 8 particles are able to set 
up a secondary emission of electrons when they fall on a metal 
surface. In general, as we should expect, the number of swift particles 
is small compared with the number of slow particles. For example, 
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Bumstead* found that the relative number of electrons of energies 
greater than 20, 200, 400, 1000 volts are in the ratio 100, 14, 9, 2-4 
respectively. The great majority of the electrons have a velocity 
between zero and a few volts. Some 8 particles were observed of 
energy greater than 2000 volts while the theoretical maximum is 
about 2800 volts. Bumstead found that the graph connecting the 
number of electrons emitted from a metal with the range of the 
bombarding electrons was very similaf in shape to the Bragg ionisa- 
tion curve, showing a well-defined maximum near the end of the 
range. For the metals examined, viz. Al, Cu, Pt, Au, Pb, no certain 
difference was noted in the shape of the curve or in the number of 
escaping electrons. Bianuf, using the a rays of polonium, found the 
swifter 8 particles were able to ionise a gas and estimated their energy 
to be about 2400 volts. Gurney in his experiments on the £ ray 
spectra of radium B and radium C observed that a large number of 
slow electrons was emitted from the source with velocities of the 
order to be expected if they were 8 particles arising from a particle 
collisions. The method used by Gurney would be very suitable for 
an accurate determination of the relation between the number and 
velocity of the escaping electrons. 

On general views, we should expect a much greater emission of 
electrons from a surface on which the a rays fall nearly tangentially 
than when they fall normally. It is evident that the electrons libera- 
ted by tl> ' a particle in its track have a better chance of escaping from 
the surface in the former ease. This no doubt is the explanation of 
the fact that more electrons per a particle are emitted from a surface 
coated with polonium than from a metal on which the a rays fall 
more normally. 

KapitzaJ has made calculations to estimate the number of particles 
emitted based on a novel point of view. As we have seen, the a 
particle in traversing matter gives energy to the electrons and this 
energy will be dissipated in the form of heat within a small distance 
of the track of the a particle. There will in consequence be a strong 
local heating and, in a sense, the local temperature will be very great. 
Consequently the escape of electrons from the surface of a plate may 
be regarded as a type of thermionic emission to which the equations 
of Richardson apply. In this way, Kapitza has shown that the 

* Bumstead, Phil. Mag. 22, 907, 1911; 26, 233, 1913; Bumstead and McGougan, 
Phil. Mag. 24, 462, 1912. 

f Bianu, Le Radium , 11, 230, 1919. J Kapitza, Phil. Mag. 46, 989, 1923. 
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calculated electronic emission for slow velocities is of the right order 
of magnitude. As is well known, the amount of thermionic emission 
largely depends on the cleanness of the surface of a metal and the 
state of the vacuum. The observations of many investigators that 
the amount of 8 ray emission is dependent to a large extent on the 
cleanness of the surface may receive a general explanation along these 
lines. 

On the other hand, on this theory we should expect that the amount 
of electronic emission would vary greatly with the nature of the 
metal. No marked effect of this kind has been observed, but few 
experiments with cleaned metallic surfaces have so far been made. 
The theory applies mainly to the emission of slow velocity electrons 
from a bombarded surface and does not of itself set a definite limit 
to the energy of the escaping electrons, which appears to be cha- 
racteristic of the phenomenon. 

The problems connected with the emission of electrons by a 
particles have been the subject of numerous investigations, especially 
in the years 1911-1914. A review of the earlier work has been given 
by Hauser*. 

§ 30. Secondary electrons from ft rays. A swift electron (ft particle) 
in passing through matter occasionally makes a close collision with 
an electron in an atom and liberates it from the atom with a velocity 
depending on the closeness of the collision. We should in consequence 
expect a particle, like an a particle, to produce a number of secondary 
electrons (delta particles) in its passage through matter. On account, 
however, of the equality of mass of the electrons involved in the 
collision, the velocity u of the electron projected at an angle 6 with 
the original direction of the ft particle of velocity V is given by 
u = V cos 6 , and the angle between the directions of the two electrons 
after the collision is always 90°. If the ft particle has a speed com- 
parable with that of light, a correction is required to take account 
of the relativity increase of mass. Assuming that the electron be- 
haves as a point charge, the frequency of the collisions in which 
electrons are expelled over a definite energy range can readily be 
calculated by the collision theory. In general, however, on account 
of the high speed of the swift ft particle in comparison with the a 
particle, the number of secondary electrons should ordinarily be 
much smaller for a ft than for an a particle. 

♦ Hauler, Jahrb . Rad. u. Elect. 10, 145, 1913. 
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The presence of such secondary electrons was first clearly shown 
by Moseley* in his experiments on the charge carried by the rays 
from radium B and C. He found that the majority of the secondary 
electrons had energies of only a few volts, while the number was 
about 1/10 of the primary rays. Danysz and Duanef made similar 
observations but concluded that the secondary electrons all had 
energies less than 40 volts. It is clear, however, from the simple 
theory, that the electrons, supposed at rest, with which the @ particle 
collides may be given any energy up to the total energy of the 
particle, but of course the probability of emission falls off rapidly 
with increase of energy of the expelled electron. 

Collisions of this type giving rise to two electron tracks per- 
pendicular to each other have been photographed in an expansion 
vessel by C. T. R. Wilson J and Bothe jj and an illustration is given 
in Plate IV, fig. 3. Bothe compared with theory the frequency of 
these forked tracks in which, say, more than 30,000 volts energy was 
given to the electrons expelled from the atom, and found the number 
to be of the right order of magnitude (see also p. 450). 

It is well known that electrons of energy of the order of 100 volts 
falling on matter give rise to a copious supply of secondary electrons 
of slower speed. The relative numbers of such electrons fall off 
beyond a certain speed and, as we have seen, become comparatively 
small for high speed particles. 

§31. Recoil atoms. When an a particle of mass M and velocity 
V is ejected from an atom of mass m, from the principles of con- 
servation of momentum it is to be expected that the recoil atom of 
mass m — M would move with a velocity u given by u — Ml j(m — M). 

If, for example, an a particle of mass 4 and velocity 1*69 v 10 9 
cm ./sec. is expelled from radium A of mass 218, the velocity u of 
recoil of the atom of radium B of mass 214 is 3*15 x 10 7 cm./sec., 
corresponding in energy to an 110,000 volt electron, and about 
2 per cent, of the energy of the a particle. The recoil atom should 
thus behave like a swift charged atom in a discharge tube. Like the 
a particle, it is to be expected that it should ionise the gas and have 
a definite range of travel before it is brought to rest. Even if the 
recoil atom were expelled initially without charge, it is to be ex* 

* Moseley. Prof. Hoy. Hoc. A, 87, 230, 1912. 
t Danysz and Duane, C.R. 155, 600, 1912; Sill. Journ. 35, 295, 1913. 
t ('. T. R. Wilson. I 'roc. Hoy. Soc. A, 104, 1, 192, 1923. 

|| Bothe, Zeit.f. Phy.i. 12, 117, 1922. 
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pected that, due to collisions with the molecules in its path, it 
would gain and lose a charge many times before it was stopped. 

The importance of this recoil as a method of radioactive analysis 
was first brought out in 1909 by Hahn and Meitner* and by Russ and 
Makowerf. Hahn found that a number of radioactive substances 
could be separated in a pure state by application of this method. 
It was found that a negatively charged plate placed near a plate 
coated with the active matteV collected the recoil atoms, showing 
that under these conditions they carried a positive charge. By this 
method, a ray product actinium C" was obtained in a pure state 
by recoil from actinium 0. Similarly thorium C" was obtained from 
thorium C, and radium B from radium A. By the application of this 
new method, Hahn and Fajans found that radium C was trans- 
formed in two distinct ways. 

The range of travel and the ionisation due to the recoil atoms 
were carefully examined by WertenstcinJ, using the recoil of radium 
D from radium C and radium G from radium F. By using a pencil 
of recoil atoms, he found the number of ions remained constant 
for about half the range, and then fell off, at first slowly and then 
more rapidly. The ionisation of the recoil atoms fell off as their 
velocity diminished, but at the beginning of the range was about 
five times greater than the ionisation produced by an a particle 
under the same conditions. The range of the recoil atom from 
polonium w*as only about 1/350 of the range of the a particle although 
its energy was 1/50 of that of the a particle. It is thus clear that energy 
is lost by recoil atoms in traversing a gas at a much greater rate than 
for an a particle. This greater expenditure of energy is accompanied 
by an increase of ionisation, but on the whole the total ionisation 
produced by a recoil atom is relatively less than for an a particle 
for an equal expenditure of energy. This indicates that a part of 
the energy of the recoil atom is lost in molecular collisions which 
do not give rise to ionisation. 

Similar experiments have been made by A. B. Wood§. Measure- 
ments of the range of the recoil atoms have been made by a number 
of observers with concordant results. The range has been found to 
vary approximately as the range of the a particle which liberates 

♦ Hahn and Meitner, Verh . d. I). Phys. <hs. 11, 55, 1909; Phy*. Ziil. 10, 697, 1909. 

f Rush and Makowcr, Prec. Roy. Soc,. A, 82, 205, 1909. 

x Wertenstein, C.R. 150, 819, 1910; 151, 469, 1910; 152, 1657, 1911 ; Thtses Paris, 
1913 

| A. B. Wood, Phil. Mag. 26, 586, 1913. 
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the recoil atom. Wertenstein found ranges 0-7 mm. in tf 2 and 
0-12 mm. in air at n.t.p. for the recoil atom from radium A. A. B. 
Wood found the ranges in H 2 0*52 mm., 0*55 mm., 0*74 mm. for recoil 
atoms from actinium C, thorium 0 and thorium C' for which the 
ranges of the a particles are 5-5 cm., 4*8 cm. and 8-6 cm. respectively. 
Kolhorster* used the electrical counting method of Geiger to 
measure the ranges of recoil atoms. For recoil from thorium C and 
C', the ranges in H 2 were 0*50 mm. and 0*875 mm. and in air 0*167 mm. 
and 0*203 mm. respectively. 

The variation of the range with nature of the gas and the velocity 
of recoil are in the direction to be anticipated. 

The recoil of the atom due to the expulsion of an a particle is 
clearly observable in a Wilson photograph when the expansion 
chamber contains a radioactive gas. Photographs of this kind have 
been obtained by (\ T. R. Wilson, B^ose and Ghosh, Kinoshita, 
Akeuti and Akiyama, and Dee. At ordinary pressure, the recoil 
track is shown by a knob at the end of the track. As the pressure is 
reduced, the recoil track becomes longer and often shows evidence 
of a marked scattering. In some cases, the usual direction of the 
recoil track does not coincide with the direction of flight of the 
a particle, but this is no doubt due to a large deflection of the recoil 
atom by a collision with an atom near its point of origin. The marked 
ionisation of the recoil atom per unit path is clearly shown by the 
density oi the initial part of its track. Deef has examined the recoil 
tracks from actinon and actinium A in an electric field in a Wilson 
expansion chamber and determined the charge and mobility of the 
recoiling atoms; a magnified photograph obtained by Dee of a recoil 
track arising from the transformation of an atom of actinon is shown 
in Plate IV, fig. 1. 

The passage of a heavy atom with its attendant electrons through 
another gas is obviously a very complex problem for which no 
theoretical solution is as yet forthcoming. It would appear necessary 
to suppose that at high speeds the electronic structure of two atoms 
can interpenetrate. At lower speeds, collision without ionisation 
must soon bring the recoil atom to rest. No doubt the recoil atom 
like the a particle suffers many changes of charge in its flight. Most 
of the recoil atoms from radium A, radium C, and the corresponding 
p)oducts of thorium and actinium carry a positive charge when 

* Kolhorster, Zeit. f. Phys. 2, 257, 1920. 

f Pee, Proc. Roy. Soc. A, 116, 664, 1927. 
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they are brought to rest in air, and can thus be concentrated 
on the negative electrode in an electric field. This is not universal 
for all recoil atoms, for Briggs* has shown that the radioactive gases 
liberated by recoil have no charge. The effect of different gases on 
the final charge of the recoil atom has also been investigated. The 
recoil atoms behave like positive ions in a gas and lose their charge 
by recombination with the negative ions in the gas. Notwithstanding 
their heavy mass, these recoil ions have about the same mobility 
in air as the positive ion produced in air. In the presence of an 
intense a radiation, a strong electric field is required to produce 
saturation, i.e. to collect all the recoil atoms on the negative electrode. 
The effects are complicated by the strong electric wind which is set 
up by the motion of the ions. 

Wertenstein! examined the charge carried by the recoil atoms 
from radium C in a high vacuum. He concluded that the recoil 
atoms were initially uncharged but gained a positive charge in passing 
through a small thickness of matter. The magnitude of the charge 
indicated that some of the recoil atoms under these conditions 
might carry more than one positive charge. Wood and MakowerJ 
examined photographically the deflection of a pencil of recoil atoms 
from radium C in a magnetic field in a good vacuum and found it 
to be half the deflection of the a particle under the same conditions. 
Since the momentum of the recoil atom is equal and opposite to 
that of the a particle, this showed that the recoil atoms carried a 
single positive charge. It is difficult to reconcile this observation 
with the results found by Wertenstein unless it be supposed that 
a fraction of the recoil atoms from a source always carry a positive 
charge. This is not inconsistent with the view that the recoil atom 
is initially uncharged, for some of the radium C atoms are driven 
by recoil into the wire or plate and the recoil atoms traverse a small 
thickness of matter before they can escape§. 

When a very thin and clean deposit is obtained on a polished plate, 
most observers agree that the efficiency of recoil in a vacuum is 
100 per cent., i.e. a recoil atom can be collected for each a particle 
fired into the source. When the recoil atoms are collected in air or 
other gas by an electric field, the efficiency of collection is not so 

♦ Briggs, Phil. Mag. 41, 357, 1921; 50, 600, 1925. 

t Wertenstein, ('ll. Hoc. rf. Hci. <1. V nr . ho me, 8, 327, 1915. 

X Wood and Makower, Phil. Mag. 30, 811, 1915. * 

§ Recent experiments by McGee show that the recoil atoms may Ik; positively or 
negatively charged or neutral according to conditions. 
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high and generally lies . between 60 and 90 per cent., depending on 
the condition of the surface and the active deposit. 

§ 31 a. jS ray recoil. When a jS particle is expelled from a radio- 
active atom, we should expect to observe the recoil of the radioactive 
atom as in the case of the expulsion of an a particle. On account, 
however, of the much smaller momentum of the jS particle, the 
energy of recoil is minute compared with that observed in an a ray 
recoil. Consider, for example, the /3 ray recoil from radium B. The 
average velocity of the jS rays from this substance is 1*7 x 10 10 cm. /sec., 
the average velocity of recoil of the radium C atom 4-4 x 10 4 cm. /sec., 
corresponding to an electron energy of only 0-4 volt. 

Observations on the ray recoil from radium B have been made 
by Russ and Makower, Muszkat* and Barton} with somewhat con- 
flicting results. It seems clear, however, that the recoil atom is 
initially uncharged and so cannot be collected by applying an 
electric field in a vacuum. Considering the small energy of the recoil 
atom, it is obvious that the efficiency of recoil even in a good vacuum 
will be greatly dependent on the purity of the thin radioactive film 
and the smoothness and cleanness of the surface from which recoil 
takes place. Barton has discussed the various factors involved and 
concludes that it is difficult in practice to obtain an efficiency of 
recoil of more than 6 per cent. 

Donat and Philipp} have studied the j3 ray recoil from thorium 
B and found efficiencies from 2 to 0-5 per cent., and ascribe this 
low efficiency to the fact that at ordinary temperatures the recoil 
atoms have such a low speed that many of them are scattered or 
reflected from the receiving surface. This effect was first noticed 
by Jacobsen in his experiments to estimate the period of trans- 
formation of radium C' by recoil methods. From analogy with the 
behaviour of atomic rays, we should anticipate that the yield of 
recoil atoms would be increased by lowering the temperature of the 
receiving surface. This has been found to be the case and Donat and 
Philipp obtained a yield of about 30 per cent, when the collecting 
surface was at — 170° C. Wertenstein § finds that the observed 
efficiency of recoil at ordinary temperatures depends essentially on 
two factors, namely, the nature of the radiating surface and the 

* Muszkat, Phil. May. 39, 690. 1920; Journ. d. Phys . 2, 93, 1921. 

t Barton, Phil. Mkg. 1, 835, 1926. 

X Donat and Philipp, Zeit. f. Phy*. 45, 512, 1927; Xalunriss. June 22, 1928. 

§ Wertenstein ('.It. 188, 1046, 1929. 
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nature of the collecting surface. Aluminium is tho best metal as 
radiator but the worst as receiver. Efficiencies as high as 20 per cent, 
were noted in the ft ray recoil of radium C from radium B when 
aluminium was the radiator and bismuth the collector. He failed to 
confirm the increase of efficiency noted by Donat and Philipp when 
the collector is cooled to low temperature. 

This question of ft ray recoil acquires a special importance, as it 
is the only direct method of' estimating the very short life of the 
radioactive atoms radium C' and thorium C'. Some of the atoms of 
radium O' are able to escape from a surface of radium C by ft ray 
recoil, and the expulsion of a particles by these flying recoil atoms 
can be followed by the scintillation method. Experiments of this 
kind have been made by Jacobsen* and Bartonf and indicate that the 
average life of radium O' is of the order of 10~ 6 sec. In order to obtain 
a reasonable efficiency of recoil, great care has to be taken in pre- 
paring and retaining clean radioactive surfaces in a high vacuum. 

In his later experiments Jacobsen found evidence that a y ray 
transformation precedes the expulsion of an a particle. Such ex- 
periments are very important but difficult, and complicated by the 
reflection of the recoil atoms from the surfaces on which they fall. 

§32. Heating effects of the radiations. In 1903 P. Curie and 
LabordeJ showed for the first time that a quantity of radium main- 
tained itself permanently at a higher temperature than the sur- 
rounding atmosphere. They measured the heating effect in a Bunsen 
ice calorimeter and found that 1 gram of radium in equilibrium with 
its products emitted heat at the rate of about 100 gram calories per 
hour, or 876,000 gram calories per year. This property of radium 
of emitting heat at a rapid uniform rate naturally excited much 
attention, and several hypotheses were advanced in explanation. 
From subsequent investigations it is clear, however, that the 
emission of heat from radium and other radioactive substances is in 
a sense a secondary effect, for it is a measure of the energy of the 
radiations from the active matter, which are absorbed in the 
active substance or the envelope containing it. 

The heating effect is very easily shown if 100 milligrams of radium 
or the corresponding amount of radon is available. Two small Dewar 

* Jacobsen, Phil. Mag. 47, 23, 1924; Nature, 120, 874, 1927. 

t Barton, Phil. Mag. 2, 1273, 1926. 

% P. Curio and Laborde, C.R. 136, 673, 1903. 
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flasks provided with thermometers are placed side by side. On 
introducing the active matter in one flask, a rise of temperature is 
clearly shown in a few minutes. A very striking experiment to 
illustrate that the emission of heat proceeds at the same rate in 
liquid air or hydrogen as at ordinary temperature was early made 
by P. Curie and Sir James Dewar* at the Royal Institution. The 
apparatus is seen in Fig. 41. The small Dewar flask A containing 
the radium salt R is Ailed with the’ liquid and surrounded with 
another flask containing the same boiling liquid so that no heat is 
communicated to A from the outside. The gas liberated in the tube 
A is collected over water in the usual way. 

By this method the evolution of heat was 
found to be about the same in liquid oxygen 
and hydrogen as in air at ordinary tempera- 
ture. The experiments in liquid hydrogen 
were of especial interest, for at such a low 
temperature ordinary chemical activity is 
suspended. 

In later experiments P. Curie found that 
the heat evolution of radium depended on 
its time of preparation. The emission of 
heat, at first small, reached a steady state 
after about a month’s interval. The ex- 
periments of Rutherford and Barnesf 
showed clearly that this was due to the 
increase of activity caused by the accumulation of radon and its 
subsequent products. They found that the radon a few hours after its 
separation from radium gave more than three-quarters of the heating 
effect of the original radium. It thus seemed probable that the heat- 
ing effect was closely connected with the emission of a rays from the 
various active products. The heating effect due to absorption of the 
a rays can be calculated if it be supposed that the kinetic energy of 
the a particles is a measure of the heat evolution. 

If Q be the number of a particles emitted per second by 1 gram of 
radium and each of its subsequent products, the kinetic energy of 
the expelled a particles is given by | MQ^lv 2 , where M is the mass 
of the a particle and v the velocity of each group of a rays present. 
It is also necessary to add the energy of the recoil atom which is 

* Curie and Dewar, Proc. Roy. Inst, 1904. 

f Rutherford and Barnes, Phil. Mag. 7, 202, 1904. 
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converted into heat in situ. This is equal to ^ - v 2 , where m is the 

1 2 m 

mass of the recoil atom. Consequently the total energy E of the 
radiations is given by 

E = i MQ E (l + v* + B u 

where E x is the energy of the and y rays absorbed under the con- 
ditions of measurement. If the heating effect is due entirely to the 
energy of the absorbed radiation, the value of E should agree with 
the observed heating effect in mechanical units. 

In addition, the heat emission due to individual products in radio- 
active equilibrium should be proportional to the energy of the a 
particles which they emit. This was tested by Rutherford and 
Robinson* by a method which allowed rapidly changing heating 
effects due to radon and its products to be followed with ease and 
accuracy. Two coils of fine platinum wire were wound on similar 
glass tubes and formed the two arms of a Wheatstone bridge. The 
disturbance of the balance when a radon tube was introduced into 
one of the coils was measured with a galvanometer. The tube con- 
taining the radon fitted inside the platinum coil and was attached 
by a capillary tube through a stopcock to a simple pumping system. 
About a hundred millicuries of radon were introduced and the heating 
effect measured when it reached equilibrium four hours later. The 
emanation was then removed rapidly by means of the pump and the 
deflection of the galvanometer followed for an hour or more. The 
lag of the apparatus was sufficiently small to determine the change 
of heating effect due to the sudden removal of the radon, the rapid 
decay of the heating effect of radium A, and the curve of decay 
of the heating effect ultimately due to radium B and radium C. 
In this way it was found, taking the heating effect of radon in equi- 
librium as 100, that radon supplied 28*8, radium A 30*9 and radium 
B and radium C together 40-3. Under the experimental condi- 
tions, however, it was estimated that about 4 per cent, of the total 
heating effect was due to absorption of ft and y rays. Making an 
allowance for this, the a ray heating effect of radon, radium A and 
radium C were in the ratio 30*0 : 32-2 : 37*8, while the ratios for the cal- 
culated heating effect for the ranges given in § 19 are 28-0 : 31-4 : 40*6. 
While the heating effects are in the right order, it is seen that 

* Rutherford and Robinson, t J kil. Mag. 26 , 312, 1913; Wien. Her. 121 , n«, 
1, 1912. 
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the extrapolated value for radium C is distinctly below the calculated 
value. In subsequent experiments by Watson and Henderson*, the 
observed and theoretical values for radium C have been found to be 
in good accord. • 

The actual value of the heating effect of radon in equilibrium was 
measured by replacing the source with a coil of fine manganin wire, 
occupying the same volume, through which a known current was 
sent. In this way, it was found that, •subtracting the heating effect 
to be ascribed to the £ and y rays, one curie of radon and its products 
gives a heat evolution of 99*2 gram calories per hour.. The heating 
effect of the $ and y rays under the experimental conditions was 
estimated at 4*3 gram calories. The value of the heating effect to be 
ascribed to radium itself in light of this value is 25-5 gram calories. 
By direct measurement of the heating effect of radium deprived of 
its products, Hessf found a concordant value 25*2. The heating 
effect to be ascribed to radium and its products and the contribu- 
tions made by the $ and y rays are included in the following table. 
Column 2 gives the distribution calculated according to the energy 
of the a particles, column 3 the observed distribution. Estimates 
of the heating effect of the and y rays are included. 


Heating effect in gram calorie s per hour corresponding 
to 1 gram of radium. 



a rays -f Recoil atoms 



Product 




Total 



y 


Calculated 

Observed 



Radium 

24-9 

2: 2 1 



25-2 

Radon 

28-5 

29-8 i 

— 

29-8 

Radium A 

31-2 

31-9 ! — 

— 

31-9 

Radium 
Radium C J 

J 1 

i 40-2 

L 

37-5 j 6-3 

94 

53-2 

Totals j 

124-8 ! 

! 

124-4 j 6-3 

94 ! 

140-1 j 


We have already seen that the value obtained by Hess for radium 
deprived of ite products is in good accord with the calculated value 
deduced from the heating effect of radon. Meyer and Hessf made 
an accurate determination of the heating effect of a large quantity 
of pure radium salt. They found a heating effect of 132 gram calories 

* Watson and Henderson, Proc . Roy . Soc . A, 118, 318, 1928. 
t Hess, Wien. Ber. 121, 1, 1912, 

X Meyer and Hess, Wien. Ber. 121, 603, 1912. 
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per hour under conditions where the a and rays werf^ absorbed and 
■about 15 per cent, of the y ra^s. This is in good agreement with the 
value deduced in the table. The values of the heating effect of the 
fi rays and the y rays from radium B and radium C given in the table 
are taken from chapter xvi, where a full discussion of these measure- 
ments is given. 

We should expect that the total heating effect of the radium less 
that due to the £ and y rays' should be a measure of the energy of 
the a rays and the recoil atoms. Taking tliis as 124*4 gram calories 
per gram and' using the values of the energy of the groups of a 
particles given in § 19, it can be calculated that 3*72 x 10 10 a particles 
are expelled per gram of radium per second by each group of a ray 
substances in equilibrium. It has already been pointed out (§ 13) that 
this value is somewhat higher than is found by several other methods 
of estimating this quantity. If the number of particles emitted by 
radium were as low as that found by Geiger, viz. 3*4 x 10 lu per gram 
per second, about 10 per cent, of the heat emission must be due to 
the liberation of energy during the disintegration in some unknown 
form. Int)rc^r to test this important point, careful experiments were 
made by%Wateon and Henderson* on the heating effect of a number 
of radioactive products, viz. radon, radium ( B -f C), radium (\ thorium 
(B -f C),and thorium C, by a resistance thermometer method. After 
allowance was made for the heat emission due to /? and y rays in 
the experiments, it was found in all cases that the heating effect of 
these products was proportional to the energy of the a rays and agreed 
within the experimental error with a rate of emission of a particles of 
3*7 x 10 l ° per second per gram of radium. If an additional source 
of energy were present, it must be in nearly the same proportion for 
all three products. The experiments thus support the higher estimate 
of the rate of emission of a particles. 

The enormous emission of energy from a radioactive substance 
during its disintegration is well illustrated by the case of radon and 
its products of rapid change. The volume of radon to be obtained 
from 1 gram of radium is 0*68 c.mm., and this after a few hours emits 
energy at the rate of 113*6 gram calories per hour. This heating 
effect decays with the period of radon which has an average life of 
132 hours. It follows fr6m this that the total energy liberated during 
the transformation of 1 c.c. of radon is 2*2 x 10 7 gram calories, and 


* Watson and Henderson, Froc. Roy, Hoc. A, 118, 318, 1928, 
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foj: 1 gram ol$i3ulon (atomic weight 222), 2-2 x 10 9 gram calories. 
Each atom of uranium in its transformation into lead emits about 
7*1 x 10~ 5 erg, corresponding in energy to a 45 trillion volt electron. 

§ 33. Production of helium by radioactive substances. Follow- 
ing the discovery and separation of helium from the mineral cleveite 
by Ramsay in 1895, it was noted that helium appeared in quantity 
only in minerals containing uranium and thorium. This association 
was remarkable, as there appeared to be no obvious reason why an 
inert gaseous elefrnent should be present in minerals which in many 
cases were impervious to the passage of water and gases. A new light 
was thrown on tins subject bv the discovery of radioactivity. On 
the transformation theory, it was to be expected that the final or 
inactive products of the transformation of the radioactive elements 
would be found in the radioactive minerals. Since many of the latter 
are of extreme antiquity, it was reasonable to suppose that the 
inactive products of the transformations would be found in some 
quantity with the radioactive matter as its invariable companion. 
The presence of helium in quantity in uranium and thorium minerals 
was noteworthy, and it was suggested by Rutherford, and Soddy* 
that this helium might prove to be a disintegration product of the 
radio-elements. Additional weight was lent to this suggestion by the 
proof that the a particle had a ratio E/M comparable with that to 
be ex pec ted for the helium atom. 

This suggestion was soon verified by the experiments of Ramsay 
and Soddy f in 1904, who found that helium w as present in the gases 
released by heating or dissolving a radium salt. This was after- 
wards confirmed by a number of investigators. It seemed probable 
from the first that the production of helium observed was due to 
the accumulated a particles expelled from the active matter, or in 
other words that the a particle was a charged atom of helium. This 
has been completely confirmed by subsequent experiments which 
have been referred to in chapter ii. 

The proof of the identity of the a particle with a charged helium 
atom at nice gives us a method of estimating the rate of production 
of helium by any active substance where the rate of expulsion of 
a particles is known; for one cubic centimetre of helium at n.p.t. 
corresponds to an emission of 2-705 x 10 19 a particles. If a radium 

* Rutherford and Soddy, Phil. Mag. 4, 569, 1902 ; 5, 441, 561, 1903. 

t Ramsay and Soddy, Proc. Roy. Soc. A, 72, 204, 1903; 73, 346, 1904. 
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salt is sealed up in a glass tube, most of the a particles are absorbed 
in the material or in the walls. If some radon escapes from the salt, 
the a particles arising from it are embedded in the walls of the glass 
tube. Practically all the helium can be collected by strongly heating 
the whole tube. 

The first definite measurement of the rate of production of helium 
by a pure radium salt was made by Sir James Dewar*. The radium 
salt, about 70 milligrams of* radium chloride contained in a glass 
tube, was connected with a McLeod gauge and the apparatus heated 
at intervals to liberate the helium found in it. The helium was puri- 
fied by a charcoal tube immersed in liquid hydrogen. A number of 
measurements were made extending over more than a year and tho 
annual production of helium corresponding to 1 gram of radium, 
later corrected in terms of the International Standard, was found 
to be 172 c.mm. per year. 

A subsequent determination was made by Boltwood and Ruther- 
fordf, using 183 milligrams of radium element in the form of chloride. 
In the first experiment the radium was placed in a platinum capsule 
contained in an exhausted Jena glass tube. After 83 days the puri- 
fied radium salt was heated and the resulting gases collected and 
purified. In another experiment, the radium salt was set aside in 
a sealed vessel for 132 days. By a suitable arrangement, the radium 
was dissolved in situ and the gases pumped off. In the first experi- 
ment the amount of helium was 6-58 c.mm., in the second 10-38 c.mm. 
In each experiment the radium was initially completely deprived 
of radon. If a; is the volume of helium produced per second by the 
radium itself in the salt, then the volume Q found over a time t is 
given by Q — [t + 3 (t — 1/A)] x } where A is the radioactive constant of 
radon. This takes account of the growth of radon and the helium 
due to it, and its subsequent a ray products radium A and radium C. 
The two experiments were in good agreement. The annual produc- 
tion of helium corrected in terms of the International Standard was 
163 c.mm. per gram of radium. These values are in good agreement 
with the calculated value based on the rate of emission of a particles 
from radium, and thus substantiate the view that the helium arises 
from the a particles. 

If we reverse the process, the number Q of a particles expelled 
per gram of radium per second can be deduced from the experimental 

* Dow«r, Rroc. Roy. Soc. A, 81, 280, 1908 ; 83, 404, 1910. 

t Boltwood and Rutherford, Wien.Ber. 120, 313, 1911; Phil. Mag . 22, 686, 1911. 
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data. From Dewar’s value we obtain Q = 3*69 x 10 10 ; from Boltwood’s 
value Q = 3*50 x 10 10 . These values may be compared with those 
obtained by other methods (§ 13). 

The production of helium has been observed in all radioactive 
matter which emits a particles. It has been observed for ionium, 
radon, polonium and actinium and in amounts agreeing with the 
number of a particles. 

The rate of production of helium by uranium and by thorium and 
the minerals containing them can be readily calculated from a know- 
ledge of the number of a particles emitted. It is to be remembered 
that ordinary uranium (U I and U II) emits two a particles and in 
all one uranium atom emits eight a particles in its series of trans- 
formations. 

The results are included in the following table: 


Substance 

Total number of 
a particles per 
gram per sec. 

Calculated produc- i 
tion of helium per 
gram per year 
(e.mm.) 

Uranium 

2-37 vlO A 

2-75 x 10~ s 

Uranium in equilibrium 
with its products 

9-7 xlO 4 

110 x 10~* 

Thorium in equilibrium 
with its products 

2-7 x 10 4 

3-1 x 10 6 

Radium in equilibrium 

14-8 x 10 10 

172 


The rate of production of helium in thorium and uranium minerals 
has been directly measured by Strutt* and found to agree approxi- 
mately with the calculated values. Soddyf has measured the pro- 
duction of helium in purified uranium and thorium salts. 

The amount of helium observed in radioactive minerals depends 
on a number of factors besides the age of the mineral. If the mineral 
is primary and compact and impervious to the passage of water, 
we should expect the greater part of the helium formed to be re- 
tained. In some cases the minerals are more porous and doubtless 
a large part of the helium has escaped. Secondary minerals like the 
uraninite of Joachimsthal contain relatively little helium, for they 
are relatively very recent in origin compared with the old primary 
minerals. For these reasons, it is difficult to base a reliable estimate 

* Strutt, Proc . Roy . Soc. A, 84, 379, 1911. 
t Soddy, Phil . Mag . 16, 613, 1908. 
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of the age of a mineral on its helium content. It is clear that the age 
so found is a minimum even for the most impervious primary 
minerals. The age of some of the old primary minerals estimated in 
this way cannot be less than 300 million years. For a more definite 
estimate of the age, however, the amount of uranium lead or thorium 
lead in the mineral is more reliable than its helium content. 

It is now well known that helium is often found in considerable 
quantity, of the order of 1 per cent, by volume, in the natural gases 
which escape from the earth in various localities. These natural gases 
both in Canada and in U.S.A. have been used as sources for the 
separation of large quantities of helium. The general evidence indi- 
cates that the helium so obtained has its ultimate origin in the trans- 
formation of radioactive matter in the earth. 



CHAPTER VII 


GENERAL PROPERTIES OF THE RADIATIONS 

§34 a. Emission of a particles and probability variations. The 

rate of disintegration of all radioactive substances is expressed by 
a simple law, namely, that the number of atoms n breaking up per 
second is proportional to the number N of atoms present. Con- 
sequently n — AA r , where A is a constant characteristic for a particular 
radioactive substance. The rate of transformation of an element 
has been found to be a constant under all conditions. It is un- 
altered by exposing the active matter to extremes of temperature 
or by change of its physical or chemical state. It is independent of 
the age of the active matter or its concentration. It is unaffected 
by exposure to strong magnetic fields. Hevesy has shown that the 
disintegration of the primary radioactive element uranium is un- 
altered by exposing it to the and y radiation from a strong source 
of radium, although these rays, of great individual energy, might 
b<* expected to penetrate the atomic nucleus. 

Since the expulsion of an a or ft particle results from an in- 
stability of the atomic nucleus, the failure to alter the rate of trans- 
formation shows that the stability of the atomic nucleus is not in- 
fluenced to an appreciable extent by the forces at our command. 
This is not unexpected when we consider the enormous intensity of 
the forces, probably both electric and magnetic, which hold the 
charged parts of the nucleus together in such a minute volume. 

E. v. Schweidler* showed that the exponential law of decay of the 
radioactive bodies could be deduced without any special hypotheses 
of the structure of the radioactive nuclei or of the mechanism of 
disintegration. He assumed only that the disintegration of an atom 
is subject to the laws of chance, and that the probability p that an 
atom of a certain type shall be transformed within a given interval 
of time A is independent of the time which has elapsed since the 
formation of the atom and is a constant which is the same for all 
atoms of the same type or radioactive product. 

For very small values of the time interval A, the chance p of trans- 
foimation will be proportional to the length of the interval. There- 
♦ Schweidler, Congrte IrUemat . Radiologie, Lidge, 1905. 
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fore p = AA, where A is another constant characteristic of the radio- 
active body. 

The chance that an atom of this type shall not be transformed 
in a period t = M will be q = (1 - AA)*, which may be written 

[(1 - AA )-i/aa]-ai. 

Now making A infinitely small while keeping the product M, or 
the time t , constant, we have * 

q — lim A==0 [( 1 — AA)~ 1/aA ]“ a * 

= e~ xt . 

If at time t = 0 there were present a very large number N 0 of 
atoms of the given type, then after the time t there would remain 
unchanged the number N t given by N t = A T 0 e~ Kt . 

Comparing this with the experimental law of transformation, it 
is seen that the transformation constant A is the probability that 
an atom shall be transformed in unit time, provided this is small 
compared with the half value period of the body. 

On this point of view the law of decay is a statistical law, the 
result of a very large number of events subject to the laws of chance. 
If the number of atoms of the radioactive body present is A r , then 
the number which break up in one second will, on the average, be 
\N f but the number which break up in any particular second will 
show fluctuations around this value. The magnitude of these fluctua- 
tions can be calculated from the general considerations of prob- 
ability. From the theory of probability it is known that the absolute 
average error c in a large number of observations for two events P 
and Q is given by e = ± VNpq , where X is the number of observations, 
and p and q are the probabilities for the events P and Q respectively. 
Applying this formula to the radioactive changes, the number of 
atoms breaking up during the given time r, small compared with the 
half value period of the substance, is given by XtN, while the number 
of atoms still unchanged at the end of the interval is (1 - Xr)N. 
The probability of a single atom breaking up during the time r is 
At, while the probability that the same atom will exist after that 
time is 1 — At. Consequently the absolute average error 

€ - ± V NXtT(1— At). 

Since the square of At is small compared with At itself, 

€ — ± VNXt or ± 



PROBABILITY FLUCTUATIONS 


169 


where Z is the average number of atoms disintegrating during the 
time r. The actual number of atoms breaking up in the time t thus 
shows a deviation from the average value of magnitude ± VZ. 
The absolute value of the error \/Z increases with the number of 
atoms breaking up in the interval under consideration, but the 
relative error VZ/Z decreases. 

In radioactive substances which b^eak up with the expulsion of 
a particles, the number of a particles emitted is equal to the number 
of atoms breaking up. The variations from the average value should be 
detected by variations in the saturation current due to the ionisation 
by the a particles. 

§ 34b. Observation of fluctuations. The correctness of this theory 
was early tested by the experiments of Kohlrausch* * * § , Meyer and 
Regenerjv and Geiger!, by observing the fluctuations of an electro- 
meter when the ionisation currents due to two sources of a radiation 
were balanced against each other. The fluctuations were found to be 
of the order of magnitude to be expected from the theory. Later 
observations were made by Muszkat and Wertenstein§, using a string 
electrometer, and by E. Bormann Ij, by balancing two sources of a rays 
under conditions where half the total radiation from each source was 
used. A discussion of the theory and its application to measurement 
the* fluctuations lias been given by Campbell^}, Schrodinger**, and 
Kohlrausch ||. 

In addition to the observations of the fluctuations, a number of 
experiments have been made to determine by counting methods the 
distribution in time of the a particles falling on a small area which 
subtends only a small solid angle at the source. It is important to 
distinguish between these two types of measurement, and to recog- 
nise the difficulties of interpreting the observations in these two cases. 
An excellent critical discussion of this question has been given by 
Kohlrauschf f who has compared the experimental observations with 
the results obtained by 5000 drawings from an urn containing a 

* Kohlrausch, Wien. Ber . 115, 673, 1906. 

| Meyer and Regener, Ann. d. Phys. 25, 757, 1908. 

X Geiger, Phil. Mag. 15, 539, 1908. 

§ Muszkat and Wertenstein, Journ. de phys. 6, 2, 119, 1921. 

|| Bormann, Wien. Ber. 127, 232, 1918. 

f Campbell, Proc . Camh. Phil. Soc. 15, 117, 1909. 

** Schrbdinger, Wien. Ber. 127, 237, 1918. 

If Kohlrausch, Naturwiss , 5, 192, 1926, 
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hundred numbered counters, replaced after each drawing. The num- 
ber of the counter drawn was noted in each case and the observations 
compared with theoretical calculations of probability. 

In order to test adequately the random emission of a particles from 
a radioactive substance, it is essential to use a large solid angle so 
as to be as independent as possible of the variations in the emission 
in space of the particles. The ideal method would be to count directly 
all the particles emitted from a particle of radioactive matter over 
a solid angle 4 tt and analyse their distribution in time. 

Using the fluctuation method, the experiments of Bormann in 
some respects best fulfil the theoretical conditions, for half of the 


Fig. 42. 

a rays from each of the balancing sources were used. However, it 
is not easy to interpret accurately the fluctuations observed in the 
measuring instrument and to compare them with the theory. A 
number of factors are involved between the primary act of dis- 
integration and the reading of the deflection, viz. the emission of 
the a particle, the ionisation in its path, and the characteristics of 
the measuring instrument. Notwithstanding these difficulties, the 
evidence obtained in this way strongly supports the view that the 
disintegration of atoms follows the laws of chance as regards emission 
in time. 

A more direct test of the probability law of disintegration of 
active matter can be made by observing the distribution in time of 
all the a particles emitted by a source. This has been done by Con- 
stable and Pollard in some unpublished experiments using the scintil- 
lation method. A trace of polonium was mixed with the zinc sulphide 
crystals of a small screen about 2 sq. mm. in area which was placed 
between two counting microscopes. The scintillations were counted 
by the two observers and recorded on a moving tape. #About 1300 
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scintillations were counted and the time intervals examined as in 
the work of Marsden and Barratt (page 172). The results are shown 
in Fig. 42, where the ordinates represent logarithms of the number 
of intervals and the abscissae time intervals in seconds. It will be 
seen from the theory given on page 172 that for a very large number 
of particles the curve should be a straight line. This is seen to be 
the case approximately, supporting the theory that the a particles 
from a source are emitted at random. * Considering the small number 
counted, the agreement with the probability law is as close as could 
be expected. Similar observations have been made by N. Feather* 
with results in close accord with theory. 

§34c. In the other type of experiments, the a particles emitted 
in a small solid angle were counted. Such experiments do not test the 
random distribution of the particles in time but only in space. For 
example, even if the a particles were emitted from the source at a 
uniform rate without random variations in time, weshould still observe 
a random distribution in the counting experiments. Such experi- 
ments, however, which test the random emission in space of the 
a particles, have a certain interest and importance, as so much work 
has been done in counting a and particles bv the scintillation and 
electric methods. In counting scintillations from a constant source, 
the vacations of the number in a given time are occasionally so 
marked that it is difficult at first sight to credit that they are mere 
examples of random distribution and are not necessarily to be 
ascribed to the inefficiency of the counter. 

Experiments of this kind ha\e been made by Rutherford and 
Geiger, Marsden and Barratt, using the scintillation method of 
counting a particles, and by Mine Curie, using the electric method. 

In the experiments of Rutherford and Geigerf, about 10,000 
scintillations produced by a particles emitted by a film of polonium 
were counted, and the time of appearance of each scintillation was 
recorded on a moving tape by pressing an electric key. The number 
appearing in equal intervals of time was then deduced. For a very 
large number of particles, the probability that n a particles should 

x n 

appear in a given interval is given by where x is the average 

number during the interval and n may have any positive integral 

* N. Feather, Phys. Rev. 35, 705, 1930. 

f Rutherford, Geiger and Bateman, Phil. Mag. 20, 698, 1910. 
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value from 0 to oo. The agreement between theory and experiment 
is shown in Fig. 43, where the full line gives the theoretical curve and 
the circles observed numbers. The number of a particles counted 
was 10,097 and the average number appearing in the interval under 
consideration, namely 1/8 minute, was 3-87. The analysis of the data 
is given below: 

Number of a particles observed in interval: 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Observed number of occurrences: 

57 203 383 525 532 408 273 139 45 27 10 4 0 1 1 

Theoretical number of occurrences: 

54 210 407 525 508 394 254 140 68 29 11 4 1 1 1 


Considering the comparatively small number of a particles counted, 
the agreement between theory and experiment is quite as close as 
could be expected. 

Marsden and Barratt* have used another method of comparing 
the distribution in time of the 
a particles with the theory of 
probability. If the average time 
between successive a particles 
from a constant source is l//z, 
the probability that no scintilla- 
tion is observed on the screen in 
any interval t is e~ K The pro- 
bability that a scintillation 
occurs in the interval between 
t and 1 4- dt is fxdt. Consequently 
the probability of an interval 
greater than t and smaller than 
t 4- dt is fxe-^dt. In a large 
number N of intervals, the pro- 
bable number of intervals larger than t and smaller than t + dt 
is N^ie^dt. This deduction shows that small intervals are more 
probable than large ones. If a curve be plotted with the number of 
intervals as ordinates and the interval in seconds as abscissae, the 
curve is exponential (v. Fig. 42). 

The number of intervals greater than t x and less than is given by 
N - e-^i). 



2 4 6 8 10 12 

Number of CX Pc.iidei in Interval 

Fiff. 43. 


* Marsden and Barratt, Proc. Phys. Soc. 28, 367, 1911; 24, 50, 1911. 
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Marsden and Barratt used as data the record of the scintillations on 
a chronographic tape obtained by Rutherford and Geiger in the 
experiments mentioned above. They found that the analysis of the 
intervals was in close agreement with the theory. 

A careful analysis by the same method has been made by Mme 
Curie* to test the random emission of a rays from polonium. The 
electrical method of detection was used with a string electrometer 
and the time of emission of the a particles was recorded photo- 
graphically on a moving film. About 10,000 particles were counted 
and the analysis was found to be in very close accord with the 
theory. The experiments were continued over several months during 
which the activity of the polonium had sensibly decayed. Taking 
this factor into account, the curve connecting the number of particles 
and time intervals was very nearly exponential over a wide range. 
The agreement between theory and experiment is thus excellent, 
indicating that the a particles are emitted at random in space and 
that the variations accord with the theory of probability. 

§ 34 d. Double scintillations. The theory of probability, with which 
the experimental results have been compared, refers only to cases 
where each atom in breaking up emits one a particle and where the 
time of transformation is long compared with the duration of the 
experiments. In certain cases, how- 
ever, it appeared at first as if a single 
product emitted two a particles 
simultaneously. This was observed 
in special experiments with the radio- 
active gases thoron and actinon. It 
is now known that the former gives 
rise to an a ray product thorium A 
of average life 1/5 sec. and the latter to actinium A of average life 
1/350 sec. The radioactive gas under consideration is allowed to 
diffuso in a narrow cell formed by two zinc sulphide screens S l . S 2 
(Fig. 44) which are observed through two microscopes M l , J/ 2 . Each 
observer sees the scintillations on one screen but not on the other. 
In this way, Geiger and Marsdenf found that more than half of the 
scintillations from actinon appeared as pairs, sometimes one on each 
screen, and in other cases both on one screen. Such a result is to 

* Mme Curie, Journ . de phys. 6, 1, 12, 1920. 

t Geiger and Mareden, Phys. Zeit. 11, 7, 1910. 
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be expected since the eye is not able to distinguish the short interval 
between the emission of a particles from the successive products. By 
introducing some actinon into an expansion chamber, C. T. R. Wilson* 
and Deef have obtained clear photographs of the a particles expelled 
with a very short time interval from the two products. 

The frequency of these scintillation pairs led to experiments which 
disclosed the presence of a new product of rapid transformation. 
In a similar way, a number of pairs of scintillations have been ob- 
served with the radioactive gas t boron. In this case, however, the 
life of the subsequent product is longer and many of the apparent 
pairs are separated by an appreciable time interval. 

By a similar method, it can be shown that polonium, ionium and 
other substances emit one a particle per disintegrating atom. It is 
thus clear that a study of the distribution of a particles with regard 
to time has been instrumental in bringing to light a number of 
important facts. 

§34e. Direction of emission of a rays. We shall now refer to 
certain experiments which have been made to test whether a particles 
are emitted equally in all directions under special conditions, viz. in 
a crystal or under the influence of an intense magnetic field. If the 
nuclei of radioactive atoms have a magnetic moment, it is possible 
that they might be partially if not completely orientated by a strong 
magnetic field. Since the a particles are all ejected at identical speeds, 
it is not unreasonable to suppose that tin* a particle is ejected in a 
definite direction with regard to the nuclear structure. On these 
suppositions, it is to be anticipated that under the influence of a 
magnetic field the a particles would be emitted unequally in different 
directions. Experiments of this kind have been made by Wertenstein 
and DanyszJ and also by Henderson §. The former, using ini a ray tube 
as a source of a rays, observed a slight difference in the ionisation 
current due to the a rays — about 1 in a 1000 — by the application 
to the source of a magnetic field of 35,000 gauss. This effect, however, 
was so small that it might well be due to experimental disturbances. 
As far as observation has gone, we may conclude that no definite 
asymmetry in the emission of a rays has been observed when the 
source is exposed in an intense magnetic field. 

In a similar way it is possible that the nuclei of radioactive atoms 

* C. 'F. 4 R. Wilson, Proc. Camb. Phil. Hoc. 21, 40.3, 1923. 

t Dee, Proc. Roy. Hoc. A, 116, 664, 1927. 

X Wertenstein and Danysz, C.R. d. Hoc. d. Hci. d. Varsavit, 7, 555, 1914. 

§ Henderson, Proc. Camb . Phil. Hoc. 21, 56, 1922. 
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composing a crystal may be orientated in space under their mutual 
forces. If this be the case, some asymmetry in the emission of a 
particles might be expected. This interesting question has been 
examined by several investigators, using large crystals of uranium 
nitrate as a source of a rays. Merton* measured the ionisation 
due to the a rays from the various faces but was unable to observe 
any certain difference. Muhlesteinf, on the other hand, using a 
similar crystal, found positive results both by the ionisation and 
scintillation methods. Ho found a ratio of activities from three 
different faces of the crystal 1-00 : 1-05 : 0*85 by the electric method, 
and 1-00 : 1-09 : 0*68 by the scintillation method. On account of 
the smallness of the effects, experiments of this kind are very diffi- 
cult, and great care must be taken to obtain definite results. If 
these results are substantiated by further observations, it will afford 
definite proof that the nuclei are in some way orientated in the 
crystal and that the a pa rticles are ejected more freely in one direction 
than in another relative to the nuclear structure. 

§ 35. Relation between range and period of transformation. It 

was early observed that there appeared to be a connection be- 
tween the period of transformation of a product and the velocity 
of the a particles expelled from it. The speed of the a particle 
was greater the shorter the period of transformation. Geiger and 
Nuttall*, who made a determination of the ranges of many of the 
a particles, found that such a relation existed in the majority of 
cases. This relation, generally known as the Geiger-Nuttall rule, 
is shown in its simplest form by plotting the logarithms of the range 
of the a particle against the logarithm of A, the transformation con- 
stant of the element. This is shown in Fig. 45§, where the ranges refer 
to those obtained by Geiger (§ 19). It is seen that the products of 
each of three radioactive series lie nearly on straight lines which 
are approximately parallel to one another. This linear relation is 
only approximate in character and there are certain marked disagree- 
ments, notably the product actinium N which lies completely off 
the line for the actinium series. Various methods have been proposed 
for expressing the general relation. Swinne|| showed that the relation 

* Merton, Phil. Mag. 38, 463, 1919. f Muhlestein, Arch. d. Sci. 2, 240, 1920. 

t Geiger and Nuttall, Phil Mag . 22, 613, 1911; 23. 439, 1912. 

§ The figure is taken from Geiger (Zeit. f. Phys. 8, 45, 1921) with the nofcendl%iw 
adopted at that time. The horizontal line at Ur bIiows the uncertainty as to the 
ranges of uranium I and II at that period. See also Fig. 93, p. 332. 

|| Swinne, Phys. Zcit, 13, 14, 1912. 
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log A = a + bv n , where a and b are constants, v the velocity of the 
a particle and n = 1 or 2, is in fair accord with observation. 

While the existence of such a relation between speed of emission 
of a particles and period of transformation is of great importance 
and interest, it is doubtful whether we can rely on any simple 
relation between these quantities. The extrapolated curves of Fig. 45 
show that the period of transformation of radium C' should be of 
the order 10 _8 sec., while Jacobsen and Barton find experimentally 



a period of about 10~ 6 sec. In fact it is unlikely that the data for 
any individual series can be expressed at all accurately by a simple 
relation. At the same time, we are justified in using the relation to 
form a rough idea of the period of transformation of a product which 
cannot be measured directly. In this way the period of transforma- 
tion of the product uranium II, which emits rays of range 3-28 cm., 
has been estimated to be about 10? years. 

Yariofis attempts have been made to give a theoretical explanation 
of thin relation, notably by Lindemann*, who on certain assumptions 
< * Lmdemann, Phil. Mag . 30, 560, 1915, 



DISTRIBUTION OF RADIATION 177 

found an expression agreeing in general form with the Geiger- 
Nuttall rule. Other theories have been proposed by van den Broek, 
Brossler and others. 

Recently the problem has been attacked in another way based 
on the wave-mechanics. On certain general assumptions of the 
variation of the electric field in the neighbourhood of a radioactive 
nucleus, Gamow* and Gurney and Condon f have been able to show not 
only why a relation should exist betw'een the velocity of emission of 
a particles and the transformation constant, but also to account for 
the experimental results in an even more satisfactory way than is 
given by the Geiger-Nuttall relation. On account of its interest and 
importance, this theory will be considered in some detail in §776, 
where the problem of nuclear structure is under discussion. 

§ 36. TLe distribution of radiation. The general results of ex- 
periment show that a and p particles are expelled equally in all 
directions from a thin layer of active matter. By exposing solid 
bodies in the presence of the emanation of radium, thorium or 
actinium, they becon.<‘ coated with an exceedingly thin film of the 
active deposit from which particles escape at their maximum initial 
velocity. For these reasons the distribution of the radiation is in 
these eases very different from that observed for the same body 
when heated to a sufficient temperature o emit ordinary light J. 
In the case of light, the distribution is controlled b}^ Lambert’s Law, 
which supposes that the intensity of radiation in any direction is 
propc- tional to the cosine of the angle between the normal and the 
direction of the emitted light. In a thin film of radioactive matter, 
Lambert’s Law does not hold. For example, if a pinhole photograph 
be taken of a luminous sphere, e.g. the sun, the intensity of the 
photographic effect is nearly uniform over the cross-section. If, 
however, we take a pinhole photograph of a small sphere uniformly 
coated with a thin film of active matter by the aid of the radiations 
emitted from it, the intensity of the radiation, and consequently 
of the photographic impression, is greatest at the extreme edge of 
the image and shades off rapidly towards the centre. In a similar 
way, the photographic impression due to a- cylinder coated with & 
thin film of active matter, after the rays have passed through a 

* Gamow, Zeil. /. Phys. 51, 204, 1928. 

t Gurney and Condon, Nature , Sept. 22, 1928; Phys. Rev . 33, 127, 1929. 

t Rutherford, Phil, May, 12, 152, 1906. 
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narrow slit parallel to the cylinder, is greatest at the edges of the 
geometrical image, and falls off rapidly towards the centre. If the 
photographic effect is weak, the image of the cylinder often appears 
to consist only of two straight lines corresponding to the edges of 
the image. 

The effects of distribution can be simply and strikingly illustrated 
in another way. Suppose, for example, that a rod of triangular or 
square cross-section, several centimetres long, is exposed in the 
presence of radon. The active deposit is then nearly uniformly 
distributed over the surface. After removal, the rod is placed 
vertically on a photographic plate. Examples of the positives of the 
photographs produced in this way by the a rays are shown in Plate VII, 
figs. 1,2. In the case of the rod of square cross-section, the photo- 
graph is marked by four dark bands at right angles to each other, 
of the same width as the rod. In each of these dark bands, the photo- 
graphic effect is due to the radiation from one side of the rod only. 
Immediately outside the dark bands, the radiations from two sides 
produce their effect, so that the intensity of the radiation varies 
very nearly in the ratio of one to two in crossing the boundary. By 
using very active bodies, this effect of distribution can be very clearly 
seen on a screen of zinc sulphide. The results obtained are to be 
expected theoretically if the a rays are expelled equally in all direc- 
tions and escape from the metal without appreciable absorption. 

In the experiments described the photographic effect is due 
almost entirely to the a rays; but no doubt somewhat similar effects 
would be observed if the thin film of active matter gave out only 

0 rays. 

1 Greinacher* has investigated the distribution of radiation around 
a prism of uranium metal, which is placed on a photographic plate. 
In this case the radiation is emitted from the whole volume of the 
material, and the photographic action is due mainly to the j8 rays 
of various velocities which emerge from the uranium. The distribu- 
tion of the radiation was very different from that already shown. 
For thick films of active matter the photographic effect was greatest 
perpendicular to the surface of the triangle and small in the space 
formed by the continuation of the sides, where in the case of a thin 
film the intensity would be strongest. 

In another experiment, a radium preparation was placed in a 
cubical lead box, which was placed on a photographic plate. The 
* Greinacher, Phys. Zeit. 9, 385, 1908; 10, 145, 1909. 
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radiation was most intense opposite the sides, and least where the 
radiations from two sides of the box produced their effect. 

This is no doubt due to the observed fact that the £ radiation 
from a thick layer of active matter is greatest in the normal 
direction. 

§37. Light emission of gases exposed to a rays. When strong 
sources of radium C, thorium C, or polonium deposited on a small 
flat plate are viewed in a dark room with a rested eye, the source 
is seen to be surrounded by a weakly luminous hemispherical zone 
extending over the range of the a particles. This luminosity excited 
by the a rays in gases was first studied by the late Sir William and 
Lady Huggins*, who examined the spectrum of the weak light 
emitted by radium preparations in air and found it to coincide with 
the band spectrum of nitrogen. This appears to be due to the a ray 
bombardment of nitrogen occluded in the source. These experiments 
have been confirmed by a number of observers including Himstedt 
and Mcyerf, Walter J, Pohl§, and Bosch |. The spectrum of luminous 
radium bromide is in ; >art continuous, due to the fluorescence of the 
crystal. In an atmosphere of helium, a few helium lines were noted 
bin no lines were observed in hydrogen, carbon monoxide and carbon 
dioxide. The luminosity excited in gases can bu best studied by using 
a source of polonium which emits only a rays, and screening the 
photographic plate from the direct a radiation. There seems to be 
no doubt that the spectrum of the weak luminosity produced by 
r rays : s in general similar to that produced by the electron discharge 
under special conditions in gases at low pressure. Such an effect 
is to be expected, since the a rays cause the same general type of 
ionisation and molecular dissociation produced in a vacuum tube 
by cathode rays and positive lays. The luminosity produced by a 
rays, however, under ordinary experimental conditons is exceedingly 
feeble compared with that produced in a discharge tube. 

§ 38. Pleochroic haloes. Plates of mica are rapidly coloured brown 
or black by a rays, the rapidity of coloration depending on the 
composition of the mica. Geologists long regarded with curiosity 

* Sir William and Lady Huggins, Proc. Roy. Soc. A, 72, 196, 409, 1903; 76, 488. 
1906 ; 77, 130, 1906. 

t Himstedt and Meyer, Phys. Zeit. 6, 688, 1905 ; 7, 672, 1906. 

t Walter, Ann. d. Phys. 17, 367, 1905; 20, 327, 1906. 

§ Pohl, Ann. d. Phys . 17, 375, 1905; 18, 406, 1905. 

|| P. Bosch, Arch. Nkrl. 8 , 163, 1925. 
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small coloured areas in certain kinds of mica , for example, in biotite , 
cordierite, and muscovite. The sections of these coloured afeas are 

usually circular in shape, and exhibit the property of pleochroism 
under polarised light, and for this reason were called “pleochroic 
haloes.” The centres of these areas usually contain a minute crystal 
of foreign matter. Joly* first pointed out that these haloes wore of 
radioactive origin, and were due to the coloration of the mica by 
the a rays expelled from a nucleus which contains radioactive matter. 
This subject has been investigated in detail by Joly and his pupils, 
by Miigge and many others. In homogeneous material, the haloes 
are spherical with a radioactive inclusion in the centre and often 
show a well-marked structure consisting of a number of rings. The 
radii of these rings are closely connected with the ranges in mica of 
the different groups of a rays expelled from the active material. In 
the complete uranium halo, the outer ring marks the range of the 
a particle from radium C' (7 cm. in air), and in the thorium halo the 
range of the a particles from thorium C' (8-6 cm. in air). 

The detailed structure sometimes seen in a halo is shown in 
Plate VII, fig. 3. The central blackened area or pupil is produced 
by the a particles emitted from all the products contained in the 
uranium mineral, and its limit is defined by the range of the a particles 
from radium itself. The limit of the second ring, which is much lighter 
in colour, marks the range of the swifter a particles from radium A, 
while the edges of the outer ring or corona mark the limit of action 
of the a rays from radium 0. It was observed in all haloes that the 
darkening due to the a particles from radium C is most intense near 
the end of their range. The reason of this is clear when we take into 
consideration the variation of the ionisation along the path of the 
a particle. The ionisation due to an a particle shows a sharp maximum 
near the end of its range and then falls rapidly to zero. Assuming 
that the coloration of the mica at any point depends upon the density 
of ionisation, it is to be expected that the darkening of the mica 
would show the type of gradation illustrated in the figure. 

Assuming that the uranium in the inclusion is in equilibrium with 
radium and its other products, the integrated ionisation to be ex- 
pected in air at various distances from the centre is shown in Fig. 46. 
These are drawn from the typical ionisation curve found by Hender- 
son (§ 16) for the a particles from radium C. The darkened areas 
at the top of the figure illustrate the positions of rings in the 
* Joly, Phil . May. 13, 381, 1907. 
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halo which correspond to some of ^the hun*ps on the compound 
ionisation curve. Accounts of the development of hafoes in mica 
have been given by Joly* in 1916 and 1923, including the phe- 
nomena of reversal analogous to over-exposure in the case of the 
photographic plate. All stages of the development of haloes are 
sometimes seen in a single specimen of mica. If tfie radioactive 
inclusion is very small and feebly active, only the inner ring shows 
coloration and the rings due to a ^particles from radium A and 


■ SB < 



radium C do not appear. The coloration of the mica is due^o the 
integrated effects of the a particles extending over geological ages. 
By measuring the diameter of the inclusion whi^h gives a fully 
developed halo, Joly has estimated that not more than 5 x 10 -10 
gram of uranium is required. It can be calculated that such a nucleus 
would on the average emit only one a particle in 10 hours. This is 
a maximunaestimate, and a much smaller rate of emission of a particles 
is required^ form an efnbryonio halo. By comparing the coloration 
observed in haloes in mica with the CQloration of the same mica 
due to the hction of a known number of a particles, Jolyf estimates 

* Joly, Phil. Trans . A, p. 217, 1916; Proe . Roy. Soc. A, 102, 682, 1923. 

t Joly and Rutherford, Phil. Mag. 26, 644, 1913. 
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from the size of the inclusion that some of the haloes would require 
several hundred million years to develop to the stage observed 
to-day. 

Miigge* has made a systematic examination of a number of 
materials for haloes and found that the blue fluorspar from Wolsen- 
dorf shows haloes in greater frequency and variety than any other 
substance. The rings due to different groups of a rays show up even 
more clearly than in mica. There are eight groups of a particles from 
the uranium-radium series and seven rings corresponding to the 
ranges of the a particles have been observed. The inner ring is twice 
the width of the others, accounting for the eighth group of a particles. 
Examples of fluorspar haloesf are shown in Plate VII, figs. 5 and 6. 
In fig. 5 the rings due to the a ray bodies from uranium to radium A 
are shown clearly, and the ring due to radium 0' is just visible in the 
upper half. Fig. G shows the rings of uranium to radium, the ring 
due to polonium being indicated at a few points. The haloes in 
some respects are different in appearance from those in mica and 
the rings apparently represent more nearly the end of the range of 
the a particles than in the case of mica. The dimensions of these 
haloes have been measured by Gudden|, who has found the radii 
of most of the rings agree well with the known ranges of the 
a particles in air. The observed ranges of the a rays from U I and 
U II were found to correspond to 2-83, 2-93 cm. respectively at 
15° C., while the ranges measured in air by Laurence (§ 19) are 2-73 
and 3*28 cm. Considering the agreement in the case of the ranges 
of the other six groups, this difference in the shorter ranges is not 
easy to account for. 

While the main observations on the detailed structure of haloes 
are in good accord with the theory of their radioactive origin, certain 
divergences have been noted which require explanation. Joly 
initially pointed out that the inner ring due to the a rays of U I 
and U II was somewhat greater in radius than was be expected 
6n Geiger’s original data for the ranges. This difficulty has been at 
any rate in part removed by the newer measurements of the ranges 
by ^Laurence which are substantially higher than the old. In addi- 
tion to this, Joly (loc. cit.) noted that the radius of the inner ring 
was not constant but appeared to be greater the higher the geo- 
logical age of the mica. Measurements are difficult in old micas but 

* Miigge, Centralb. f. Min. pp. 66, 113, 142, 1909. 

t Gudden, Zeit. f. Phys. 26, 110, 1924. 
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definite observations of this kind may help to throw light on the 
early history of the radioactive matter in the inclusions. Besides 
the possibility suggested at one time by Joly that the rate of dis- 
integration of uranium and range of the a particles has progressively 
changed in geological time, there is always the question whether 
one or more radioactive isotopes of uranium, which have a much 
shorter life than the long-lived isotope, were originally present in 
the inclusion. If this were the case, the activity due to such an 
isotope might be small to-day and difficult to detect, but the radia- 
tions from it should have left a record in the darkening of the mica. 
In particular it has been suggested by T. R. Wilkins* * * § and others 
that actinium may not be, as generally supposed, a branch product 
of the uranium series but may arise from an isotope of uranium 
which has a much shorter average life than the main isotope. In 
such a case, in very old haloes some evidence may be obtained to 
throw light on this point. We have seen (§ 8 a) that recent evidence 
strongly indicates that actinium does arise from an isotope of uranium, 
but the range of the c particle expelled from the isotope is not known. 
Lotzet has suggested that owing to the physical and chemical changes 
produced in mica by continuous bombardment, the actual measured 
radius of the inner ring of intense haloes may not represent the true 
ranges of the a particles in unaltered mica. Joly J does not consider 
such an effect important. Poole concludes ihat the colour changes in 
mica are due to chemical decomposition of water molecules by the a 
rays and oxidation of the iron in the mica. Joly has observed in 
some specimens of mica very small “X” haloes which resemble in 
structure the ordinary halo but correspond to ranges of a particles 
between 1*5 and 2*25 cm. In a similar way, Iimori and Yoshimura,§ 
who have made a number of observations on samples of mica from 
Japan, have noted the presence of certain haloes called “Z” haloes 
whose radii are not in agreement with known ranges of the uranium 
and thorium series. Their exact origin is unknown, but they correspond 
to ranges of a particles between 1*2 and 2*1 cm. and are different 
in some respects from those noted by Joly. 

While it is very difficult to be certain of the exact origin of these 
minute haloes, a systematic examination of varied materials is 

* T. R. Wilkins, Nature , 117, 719, 1926. 

t Lotze, Nature, Jan. 21, p. 90, 1928. 

t Joly, Nature, Feb. 11, p. 207, 1928; Proc. Roy. Soc. A, 102, 682, 1923. 

§ Iimori and Yoshimura, Instil. Phys. and Chem. Res. Tokyo, 5, 11, 1926. 



184 


LUMINOUS* EFFECTS OF RADIATIONS 


required to see whether any definite evidence can be obtained of the 
existence of additional types of radioactive matter in the early 
history of the earth. The subject is one of great interest and import- 
ance, as the study of haloes gives us a method of detection of possible 
radioactive changes in matter which does not survive in detectable 
amounts to-day. 

Types of haloes may be produced artificially by radioactive 
matter in the laboratory. Rutherford showed that an effect similar 
in character to the coloration produced in mica could be observed 
in glass. A large quantity of radon was enclosed in a capillary tube 
and allowed to decay in situ. A microscopic examination showed 
that the glass was coloured to a depth of about 0-04 mm. from the 
inner surface of the tube corresponding to the range in glass of the 
a particles from radium C. A microphotograph is shown in Plate VII, 
fig. 4, where EF is the glass tube, C is the base of the capillary and 
A,B are the boundaries of the coloration. 

Artificial haloes may also be easily produced in a photographic 
plate by infecting the plate at a point by a trace of radioactive 
matter. On development, the magnified photograph is similar to 
that shown in Plate II, fig. 1. Miihlestein* showed that a more 
definite halo effect is produced by pouring a layer of mercury over the 
surface of the plate. In ordinary air, some of the a particles have 
part of their range in air and are then scattered back into the photo- 
graphic plate. The addition of mercury confines the photographic 
effect to the range of the a particles in the gelatine. An example 
of a halo due to radium C photographed by Harrington is shown in 
Plate II, fig. 2. 

§ 39. Luminous effects. Besides their power of acting on a photo- 
graphic plate and ionising gases, the radiations from active bodies 
are able to produce marked luminous effects in various substances. 
On account of the ease of absoq)tion of the a rays, th' effects pro- 
duced by them are superficial but the effects of penetrating ft rays, 
which arise directly from the source and from the conversion of 
y rays, extend to a considerable depth. As the rays are identical 
with swift cathode rays in a vacuum tube, it is to be expected that 
they would produce similar iuminous effects. 

We have already referred (§ 12 a) to the scintillations produced 
in phosphorescent zinc sulphide and their importance in affording 

* Miihlestein, Arch. d. Phys. Genove, 44, 63, 1917; 46, 48, 1918; 2, 423, 1920. 
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a simple method for counting individual a particles. Intense luminous 
effects are produced when a strong beam of a particles falls on a zinc 
sulphide screen. The amount of luminosity and its rate of disap- 
pearance after the a rays are removed depends to some extent on 
the impurities present in the zinc sulphide. In general the effect 
due to a rays is very much more intense than that due to 
and y rays. The mineral willemite (zinc silicate) gives a beautiful 
greenish colour under the influence 0 / both a and jS rays. It shows 
to a slight extent the scintillation effect of zinc sulphide, but the 
luminosity due to j8 and y rays is much more marked than in zinc 
sulphide. The platino-cyanides glow brilliantly under the action of 
radium rays. The calcium and barium salts glow with a deep green 
light and the sodium compounds with a lemon yellow. They are 
especially sensitive to and y rays and in this respect are superior 
even to willemite. The mineral kunzite, a variety of spodumene dis- 
covered by Kunz, is insensitive to a rays but glows with a reddish 
colour under the influence of and y rays. The different actions of 
the rays on these substances can be illustrated very simply and 
beautifully by the following experiment. A tube filled with frag- 
ments of the minerals arranged in layers is immersed in liquid air 
and the emanation from about 20 milligrams of radium condensed 
in the tube. On removing the liquid air, the emanation distributes 
itself uniformly in the tube and the different shades of colour are 
clearly seen. The luminosity of kunzite is small at first but increases 
with Uie gradual growth of and y rays due to the successive trans- 
formations of the emanation. 

Some diamonds phosphoresce strongly under radium rays and 
others only to a slight extent. Glew and Regener found that some 
diamonds give scintillations, bat these are not as bright as those in 
zinc sulphide. 

The action of continued bombardment of zinc sulphide by a 
particles is not only of theoretical but of practical importance Zinc 
sulphide mixed with radioactive matter is used to coat the hands 
and figures of clocks, watches and gun-sights, to render them per- 
manently luminous in the dark. Any radioactive substance which 
emits a rays and has a reasonably long life may be used for this 
purpose. Radiothorium, on account of its limited life, is more 
suitable and cheaper for this purpose than radium itself. 

Marsden* examined the effect of continued bombardment of zinc 
* Marsden, Proc. Roy. Soc . A, 83 , 548, 1910. 
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sulphide by a particles. It was found that the luminosity decreased 
with time, depending on the intensity of the bombardment. The 
number of scintillations observed from a given source was un- 
changed by bombardment of the screen but the intensity of the 
scintillations became weaker. After very intense bombardment the 
luminosity sinks to a minimum of a few per cent, and there is often 
a change of colour of the emitted light. Similar effects are observed 
in willemite but the decay of luminosity was somewhat slower. In 
the case of barium platino-cyanide the decay of luminosity is very 
rapid. In explanation of these results, Rutherford* supposed that 
each of these phosphorescent substances contained a number of 
** active centres” which were destroyed by the radiations with the 
emission of light. The decay of luminosity was ascribed to the gradual 
destruction of these active centres throughout the volume exposed 
to the a radiation. From a knowledge of the range of the a particles 
in the material, it was calculated that a single a particle on the 
average destroyed all active centres in its path within a cylinder 
of diameter 1-3 x 10~ 7 cm. The corresponding diameter for willemite 
was 2-5 x 10 -7 and for barium platino-cyanide 1*6 x 10“ 5 cm. This 
suggests that the disturbance due to an a particle extends to a 
considerable area round its path. 

The commercial use of self-luminous radioactive paint has led 
to very detailed investigations f of the change of intensity and tint 
of the luminosity with time when different quantities of radioactive 
material are mixed with the zinc sulphide. The change of luminosity 
due to continued bombardment by p and y rays varies widely in 
different materials and is more complicated than in the case of 
a rays. 

§ 40. Physical and chemical changes due to the radiations. The 
rays from radioactive substances produce marked coloration and 
physical and chemical changes in a number of substances. As we 
should anticipate, the effect of the a rays extends only to a short 
depth while the effect of the more penetrating p and y rays extends 
throughout the volume of the substance. The coloration is very 
marked in glass, but the rapidity and tint of the coloration depends 
on the nature of the glass. Ordinary soda glass is coloured a deep 
violet and with long-continued action the glass becomes almost 

* Rutherford, Proc. Roy. Roc. A, 83, 561, 1910. 

t See Patterson, Walsh and Higgins, Prw. Phys. Soc. (bond.), 29, 215, 1917. 
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black. Other kinds of glass are coloured brown or yellow. Giesel 
found that rock-salt and fluorspar are rapidly coloured and the 
effect extends much deeper than that due to ordinary cathode rays. 
Quartz shows varied effects due to the action of the rays depending 
on the presence of impurities. These have been discussed by Salo- 
monsen and Dreyer, Honigschmid and Berthelot. Rutherford ob- 
served that a fused quartz tube after long exposure to the rays 
from radon became brittle and cracked, and the whole tube on 
examination showed a multitude of approximately circular marks. 
Similarly Mme Curie observed that quartz tubes cracked when 
exposed to the action of the a rays from a strong source of polonium. 
For these reasons, quartz is a very unsuitable substance in which to 
enclose strong radioactive preparations. 

Doelter* has examined the coloration produced by radium rays in 
a number of minerals. In many cases the coloration rapidly dis- 
appeared under the action of ultra-violet light. It is well known that 
the colour produced in glass tubes is to a very large extent destroyed 
by heating them to t'»o temperature of luminescence. 

Under intense radiation, obvious physical and chemical changes 
occur in many solid substances For example, glass becomes de- 
vitritied and brittle and difficult to work; a thin film of collodion 
which is sometimes stretched over a radioactive source to prevent 
contamination soon loses its strength and becomes useless for its 
purpose. Glew long ago observed that mica sheets exposed to strong 
radiation were bent, and similar effects have been observed in other 
crystals. 

It is well kno\ui that the a rays rapidly decompose water and 
produce marked chemical changes in many materials. This important 
subject will not be discussed here as a complete account of our know- 
ledge of it has been given by Lind in his book The chemical effect *s 
of a particles arul electrons (2nd ed. 1928). The amount of chemical 
action is in many cases closely connected with the ionisation produced 
by the a and rays. 

It may be of interest to record a striking observation made by 
G. H. Henderson t. He found that nitrogen iodide (N 2 H 3 I 3 ) explodes 
when a strong radioactive source emitting a rays is brought near it. 
From 10 7 to 10 8 a particles falling on the material are required to 

* Dooltor, Centralbl. /. 3/in. p. 161, 1922; Das Radium und die Ftirben, Steinkopffs, 
Dresden, 1910. 

f Henderson, Nature, 109, 749, 1922. 
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produce an explosion. Poole* examined other explosives, including 
fulminate of mercury, silver azide, dynamite, nitroglycerine and 
potassium picrate, but found no effect after bombardment by 10 12 
a particles. It appears probable that the explosion of nitrogen iodide 
is the result of an a particle collision of a rare type with one of the 
constituent atoms. 

§41. Physiological actions and precautions. It was early ob- 
served that the rays from radium and other radioactive substances 
produce burns of much the same character as those caused by 
X rays. Some time after exposure, there is a painful irritation 
followed by inflammation which lasts for some weeks. After con- 
tinued exposure the skin may break, giving rise to sores which are 
difficult to heal. 

On account of the small penetrating power of the a rays, their 
effect is mainly confined to the skin exposed to the rays; but the 
effect of the more penetrating ft rays extends much deeper, while 
the penetrating y rays traverse the whole body. It is now well 
established that a controlled exposure to the and y rays from 
radium and other radioactive bodies is of much utility in the treat- 
ment of certain diseases. The effects produced are similar to those 
observed with X rays, but the use of radium has in some cases marked 
advantages. In many of the large hospitals there are radium depart- 
ments for preparation and standardisation of the radioactive sources 
employed. In some cases, sealed radium preparations are used, in 
others small glass tubes containing radon. A short time after pre- 
paration, such radon tubes emit the characteristic f3 and y rays 
emitted by radium in equilibrium with its products. The activity 
of these radon tubes is not permanent but decays with time, failing 
to half value in 3-82 days. 

For the preparation of radon tubes the radium is kept in solution. 
The radon, mixed with hydrogen and oxygen, is pumped off and 
then purified. Finally it is compressed into the fine glass tubes which 
are sealed off. In many institutions elaborate apparatus has been 
installed for removing and purifying the radon, with a minimum of 
handling and exposure for the operator. 

It would be out of place here to describe the results of numerous 
experiments that have been made on the therapeutic effect of the 
radiations and their action on different organisms. It is desirable, 

♦ Poole, Nature , 110, 148, 1022; Proc. Roy. DM. Soc. 17, 93, 1922. 
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however, to draw attention to the precautions that should be taken 
in the preparation and use of radioactive products for direct scien- 
tific purposes. 

Reference should be made to the action of the and y rays on the 
eye, first noted by Giesel. On bringing up a radium preparation to 
the closed eye, in a dark room, a sensation of diffuse light is observed 
which increases with the intensity of the radiation. This appears 
to be due to a fluorescence produced* by the rays in the eye itself. 
The blind are able to perceive this luminosity if the retina is intact 
but not if the retina is diseased. Hardy and Anderson*, who examined 
this effect in some detail, conclude that it is produced both by the 
/3 and y rays. The eyelid absorbs a large fraction of the ft rays so 
that the luminosity observed with the closed eye is mostly due to 
the y rays. The lens and retina of the eye phosphoresce under the 
action of the ft and y rays. The luminosity observed with the open 
eye in a dark room, the light from the active preparation being cut 
off by black paper, is mainly due to the phosphorescence of the 
eyeball. The y rays the most part produce the sensation of light 
when they strike the retina. 

In counting scintillations where strong sources of radium C and 
thorium C are employed, for example in studying the artificial dis- 
integration of the elements (chapter x), the intense ft and y rays 
produce a disturbing effect on the (‘ye. Even if the ft rays are largely 
bent away by a strong magnetic field, the y rays are always present. 
To a T oid this difficulty, it is desirable that the light emerging from the 
objective of the counting microscope should be bent through a right 
angle by a totally reflecting prism before entering the eyepiece. 
This arrangement allows suitable screens of lead or other absorbing 
material to be interposed between the source and the eye and head 
of the observer, so as to reduce greatly the intensity of the y radia- 
tion. Experience has shown that counting under these conditions 
is much less tiring and more reliable than when the observer is 
exposed to the full intensity of the y radiation. 

For many experiments on the a, ft and y rays it is necessary to 
obtain strong sources of radium (A -f B + C) on wires or plates and 
occasionally to use “« ray tubes”, in which almost pure radon is 
compressed into such a thin-walled glass tube that the a rays emerge 
freely into the air. For preparation of such sources, it is desirable 
that the radium should be kept in solution and the radon pumped 
* Hardy and Anderson, iVoc. Roy. Soc. A, 72, 393, 1903. 
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off at intervals and collected in a tube over mercury and subse- 
quently purified to the degree required. 

These operations should be carried through as expeditiously as 
possible before the fi and y rays from the radon and its products 
reach an appreciable value. There is little /? and y radiation for the 
first 10 minutes after removal of the radon from the solution, but 
it then grows rapidly, reaching half its maximum value in 40 to 50 
minutes. In the transfer operations over mercury, rubber gloves 
should be worn to protect the fingers from the small traces of the 
active deposit which are always present in the mercury through 
which the radon has bubbled. This prevents irritation of the skin 
of the fingers by the a rays and also keeps the hands free from 
radioactive contamination. 

The radium in solution should be surrounded by sufficient lead to 
absorb the greater part of the y rays. The radium room should be 
well ventilated so that any traces of radon which may escape into 
the air are rapidly removed. It is very undesirable to remain for 
long in a room in which free radon is present in appreciable quantity. 
During respiration, the radon enters the body and some of it is 
transformed in situ. 

For these reasons, it is of great importance that all radium pre 
parations should be kept in sealed tubes to prevent the escape of the 
emanation into the air, and that every precaution should be taken 
against the liberation of emanation in the various operations of 
preparing sources. 

In all chemical operations involving radioactive bodies, the 
greatest care should be taken to keep the hands free from con- 
tamination and to prevent the dissemination of active matter. 
Similar precautions should be taken with radioactive sources, for it 
must be borne in mind that sources of the active deposit of radium 
after decay are always coated with the long-lived deposit of radium D 
and radium F (polonium). To prevent the radioactive contamina- 
tion of a laboratory, no material which has been exposed in the 
presence of the radium emanation should be made use of in the 
workshop. It is surprising how easy it is to contaminate the tools 
in a workshop, resulting in a radioactive contamination of all ap- 
paratus under construction. This is obviously a great disadvantage 
in all ionisation experiments where a very low natural leak is desired. 



CHAPTER VIII 

THE SCATTERING OF a AND p PARTICLES 

42. The scattering of a particles and the nuclear theory of the 
atom. When a particles pass through matter, some of them are 
deviated from their original direction of motion and undergo the 
process known as scattering. The presence of this scattering was first 
shown by Rutherford* by a photographic method. He found that 
the image of a narrow slit produced by a beam of a particles had 
sharply defined edges when the experiment was performed in an 
evacuated vessel. If air was admitted into the apparatus, or if the 
slit was covered with a thin sheet of matter, the photographic trace 
of the pencil of a rays was broadened and the intensity of the photo- 
graphic effect faded off slowly on either side of the centre. 

A detailed examination of the amount and character of the 
scattering of the a panicles in passing through matter was first made 
bv Geigcrf, using the scintillation method of detecting the particles. 
T1 lose experiments will be described later. It will be sufficient to say 
here that they showed that the scattering suffered by a particles in 
penetrating the atoms of matter is relatively very small. The average 
angle of scattering even by comparatively thick sheets of matter was 
only a few degrees. About the same time Geiger and MarsdenJ made 
l lie vi rv striking observation that some of the a particles in a beam 
incident on a sheet of matter have their directions changed to such 
an extent that they emerge again on the side of incidence, that is, 
they are deflected through angles greater than 90°. The amount of 
this “reflection'’ of a particles increased at first with the thickness 
of the foil on which the a particles were incident, and then became 
constant. The fraction of a particles thus reflected increased rapidly 
with the atomic weight of the radiator. An estimate of the number 
of a particles reflected from a platinum radiator showed that about 
1 particle in 8000 incident on the plate was scattered through more 
than a right angle. 

This fraction was very much greater than that to be expected 
from the experiments of Geiger on the scattering at small angles. 

* Rutherford, Phil. Mag. 11, 166, 1906. 
t Geiger, Proc. Roy. Soc. A, 81, 174, *1908. 
x Geiger and Marsden, Proc. Roy. Soc. A, 82, 495, 1909. 
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On the views then current the electrical fields in the atom were not 
of sufficient intensity to deflect such an energetic projectile as an 
a particle through more than a very small angle in a single collision 
with an atom. A large deflection of an a particle was ascribed to 
the combined effect of a very great number of atomic encounters. 
Rutherford*, however, pointed out that the probability that an 
a particle should be scattered in this way through more than a right 
angle was very much smaller than that found experimentally by 
Geiger and Marsden. Pie concluded, therefore, that the deflection of 
the a particle through a large 
angle was due to a single atomic 
encounter, for the chance of a 
second encounter of a kind to 
produce a large deflection must 
usually be very small. It was 
then necessary to suppose that 
the atom must be the seat of 
an intense electrical field, and 
Rutherford suggested a simple 
structure of the atom which 
provided such a field. He sup- 
posed that the positive charge 
associated with an atom is 
concentrated into a minute 
centre or nucleus and that the 
compensating negative charge is distributed over a sphere of radius 
comparable with the radius of an atom. For the purposes of calcula- 
tion he assumed that the central or nuclear charge of the atom and 
also the charge on the a particle behaved as point charges. He was 
then able to show that for all deflections of the a particle greater than 
one degree the field due to the negative charge could be neglected 
and the deflection due to the field of the central charge need 
alone be considered. The deflections due to the nuclear field can 
be calculated very simply if we assume that the electrical force 
between the nucleus and the a particle is given by Coulomb’s Law, 
We shall consider first the case of a heavy atom such tihat the 
nucleus may be assumed to remain at rest during tho collisiqp. The 
mass of the a particle will be taken as constant, since its velocity is 
always small in comparison to the velocity of light. The path of the 
* Rutherford, PhihMag. 21, 669, 19H. 
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a particle under these conditions will then be a hyperbola with the 
nucleus S of the atom as the external focus (Fig. 46 a). 

Let PO be the initial direction of motion of the a particle and 
OP' its final direction after deflection in the nuclear field. Let 
p = SN be the perpendicular distance from the nucleus to the initial 
line of motion of the a particle. 

If E, M , V be the charge, mass and initial velocity of the a particle, 
v its velocity at A, and Ze the charge of the nucleus, we have from 
the conservation x)f angular momentum 

pV = SA.v (1) 

and from conservation of energy 

\MV* = \Mv*+ Ze s ^ 

° r v2=F2 ( 1 ~;o) (2) ’ 

2Ze jjj 

where b - “jjfpT"* ^ therefore the closest possible distance of 

appro|^h of an a partible of velocity V to a nucleus of charge Ze, 
which Occurs of course when the collision is “head on” or p = 0, 
and the a particle is deflected through 180°. 

Since the eccentricity is sec 9 and the focal distance SO is the 
eccentricity times half the major axis, i.e. SO = OA sec 9, we have 
from the geometry of the hyperbola 

SA ==rSO + OA » p cosec 6 (1 -f cos 6) 

= p cot \9. 

From (1) and (2) 


p 2 — SA (SA — b) — p cot \9 (p cot \9 — 6) 
or b — 2p cot 9. 

The angle of deflection <£ of the a particle is n - 29, and hence 

•cot i<f> = 2 6 P (3). 


This gives the deflection of the particle in terms of the impact 
parameter p and b y the closest possible distance of appfbach. 

It is interest to see how th6 angle of deflection varies with the 
value of pjb. This is shown in the following table: 


p/b 

* 


10 * *5 

#6*7° fl*4° 




0-25 0125 

127° 152° 


RRS 


2 

28‘ 


1 

53' 


0-5 

90° 


13 
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We have now to calculate the probability of deflection through an 
angle <f>. Suppose that a pencil of a particles falls normally on a 
thin screen of matter of thickness t , containing n atoms per unit 
volume. We assume that the screen is so thin that the particles pass 
through without appreciable change of velocity and that the number 
of particles deflected from their path is small, so that the pencil 
traverses the screen normally. Then the chance that a particle shall 
pass within a distance p of a nucleus is 

q = 7 rp*nt. 

A particle which moves so as to pass within a distance p of the 
nucleus is deflected through an angle greater than <f> y where <f> is given 
by equation (3). 

Hence the probability of deflection through an angle greater than </>, 
or the fraction of the total number of a particles which are deflected 
through an angle greater than this, is 

q = limtb 2 cot 2 \<f) (4). 

Similarly the chance of deflection through an angle between </> and 
<f> + d<f) is equal to the chance of striking between the radii p and 
p + dp and is given by 

dq — 2npnt . dp 

= \Trntb 2 cot cosec 2 l<f).d(f> (5). 

For comparison with the experiments to be described later, it will 
be convenient to express the equation (5) in another form. In these 
experiments the scattering was determined by counting the number 
of a particles falling normally on a constant area of a zinc sulphide 
screen placed at a constant distance r from the radiator. If Q be 
the total number of a particles incident on the radiator, then the 
number of particles scattered to unit area of the zinc sulphide screen 
placed at an angle </> to the original direction of the particles is given by 

Qrdb 2 cosec 4 \<j> 

I6r 2 (6) * 

2 Ze E 

Since 6 » f i > we 8ee on Rutherford’s theory the number of 

a particles falling on unit area at a distance r from the point of 
scattering must be proportional to 

(а) cosec 4 $<f>\ 

(б) t , the thickness of scattering material (provided that single 
scattering prevails); 

(c) the square of the central charge Ze ; 
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and inversely proportional to 

(d) ( MV 2 ) 2 , the square of the energy of the particle, or the fourth 
power of the velocity if M be constant. 

§ 43. Experimental test of the nuclear theory. The first point, 
the angular distribution of the scattered particles, was tested by 
Geiger* in some preliminary experiments. He found that the distri- 
bution between 30° and 150° of the particles scattered by a thin 
gold foil was in agreement with this theory. Later, a beautiful series 
of experiments was carried out by Geiger and Marsdenf, in which 
the above conclusions drawn by Rutherford from his theory were 



tested point by point. They first investigated the variation of 
scattering of a particles over a wide range of angles, using the 
apparatus shown in Fig. 47. The apparatus consisted in essentials 
of a strong cylindrical metal box B which contained the source of 
a particles R, the scattering foil F , and a zinc ^ilphide screen S 
attached rigidly to a microscope M. The box was fixed to a graduated 
circular platform A , which could be rotated in the airtight joint C. 
The microscope and zinc sulphide screen rotated with the box, 
while the scattering foil and source remained fixed. The box was 

* Geiger, Proc. Manch. Lit, Phil Soc . 55, 20, 1911. 

t Geiger and Maraden, Phit, Mag. 25, 604, 1913. 
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closed by a ground glass plate P and could be exhausted through the 
tube T . 

The source of a particles was an a ray tube filled with radon. The 
beam of a particles was therefore not homogeneous, for it contained 
particles from the products radium A and radium C in addition to 
those from the radon. This fact did not interfere with the investi- 
gation of the law of scattering with angle, since each group of 
a particles is scattered according to the same law. A narrow pencil 
of a particles from the source R was directed through the diaphragm D 
to fall normally on the scattering foil F. 

By rotating the platform A the a particles scattered in different 
directions could be observed on the zinc sulphide screen. Observa- 
tions were taken for angles of scattering between 5° and 150° and 
both silver and gold foils were used as scattering material. Two sets 
of experiments were carried out, the first comparing angles from 
15° to 150° and the second angles from 5° to 30°. 

For the smaller angles of scattering, the aperture of the dia- 
phragm D was reduced considerably in order to ensure that the angle 
at which the scattered particles were counted was large compared 
with the angular width of the incident pencil. The number of particles 
scattered to the zinc sulphide screen was found to decrease very 
rapidly as the angle of scattering increased. Since it was not feasible 
to count more than about 90 scintillations per minute or less than 5, 
observations were made only over a relatively small range of angles 
at the same time. The scattering was first measured at the larger 
angles, and as the amount of radon decreased the measurements 
were extended to smaller and smaller angles, due correction being 
made for the decay. 

Even when no scattering foil was in position at F a few scintilla- 
tions were observed. These were due to particles scattered from the 
edge of the diaphragm limiting the incident pencil and from the 
walls of the vessel. The number of these extraneous particles was 
reduced by lining the vessel with paper and by using aluminium for 
the material of the diaphragm, for the scattering, as will be seen, is 
least for substances of low atomic weight. This extraneous effect was 
determined at different angles and allowed for in the subsequent 
measurements of the true scattered particles. 

The collected results of these experiments are given in the following 
table. The first column gives the values of the angles <f> between 
the direction of the incident pencil of a particles and the direction 
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in which the scattered particles were counted, and the second column 
gives the corresponding values of cosec 4 \<f>. Columns in and v give 
the observed numbers N of scintillations for silver and gold respec- 
tively. Columns iv and vi show the ratio of N to cosec 4 This ratio 
is seen to be approximately constant for both sets of experiments. 


Variation of scattering with angle. 


I 

II 

in 

IV 

V 

V! 1 


Silver 

Gold 

Angle of 
deflection, 

cosec* b<t> 

Number of 
scintilla- 
tions, N 

N 

Number of 
scintilla- 
tions, N 

A 7 

<t> 


cosec 4 

coeec 4 k<t> 

150° 

1*15 

22*2 

19-3 

33*1 

28-8 

135 

1-38 

27*4 

19-8 

43-0 

31-2 

120 

1*79 

330 

18-4 

51-9 

290 

105 

2*53 

47*3 

18*7 

69-5 

27-5 

75 

7*25 

136 

18*8 

211 

291 

60 

16*0 

320 

20-0 

477 

29-8 

45 

46-6 

989 

21-2 

1435 

30-8 

37*5 

93*7 

1760 

18*8 

3300 

35-3 

30 

223 

5260 

23-6 

7800 

35*0 

22 5 

690 

20300 

29-4 

27300 

39-6 

15 

3445 

105400 

30*6 

132000 

38-4 

30 

223 

5*3 

0024 

3-1 

0*014 

22*5 

690 

16*6 

0024 

8-4 

0*012 

16 

3445 

93*0 

0-027 

48-2 

0*014 

10 

17330 

508 

0-029 

200 

0*0115 

1 7 ' r ’ 

54650 

1710 

0-031 

607 

0*011 

5 

276300 

— 

— 

3320 

0*012 


Fitting the experiments at the smaller angles to those at larger 
angles, the numbers of scattered particles are proportional to cosec 4 
over the whole range investigated, where cosec 4 h<f> varies from 1 to 
250,000. These experiments thus afford abundant proof of the law 
of scattering with angle deduced by Rutherford from the nuclear 
theory of the atom. 

Geiger and Marsden next examined the variation of scattering 
with the thickness of the scattering material. In these and most 
subsequent experiments it was necessary to use a source of homo- 
geneous a particles, for it was found — and it was predicted by the 
theory — that the scattering increased very rapidly as the velocity of 
the a particle was reduced. In this series of experiments the angle 
• >f scattering was kept constant , while the thickness of the scattering 
foil was varied. The a particles from a source R of radium (B -f C) 
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passed through the diaphragm D and impinged on the scattering 
foil F , Fig. 48. The scattered particles were observed on a zinc 
sulphide screen fixed at Z. The angle of scattering in most experi- 
ments was about 25°. The main part of the apparatus was enclosed 
in a brass ring A closed by the glass plates B, C. 

The opening 0 in the plate B , through which H G 

the a particles entered the chamber, was closed |~ ] “ j ~ 

by a thin sheet of mica. The chamber was %% 

evacuated during the experiments. The scatter- 

ing foils were carried on a disc S which could R < , D F 

be rotated by means of a ground joint so that z f 

different foils could be brought to F to inter- ‘ := d-— p, ^ s 

cept the incident pencil of a particles. As in 

the previous experiments, some difficulty was 

experienced with particles scattered from the _ 7 _. 

edges of the diaphragm D. The number of B //.Z//// c 

these was very large even when the diaphragm ^ 

was made of paper. They were finally eliminated g 

by introducing a subsidiary screen, the position of which could be 

adjusted by means of the ground- joint Q . 

Observations were made with foils of different materials and the 
results showed that for each material the amount of scattering was 
proportional to the thickness of the scattering foil, provided this 
was small. When the thickness of the foil was so great as to cause an 
appreciable decrease in velocity of the a particle, the amount of 
scattering increased rather more rapidly than the thickness. This 
increase was due to the decrease in velocity suffered by the particles 
in their passage through the foil. A correction for this effect was 
made from the results of measurements of the variation of scattering 
with the velocity of the a particles. The final results, after this 
correction, are shown in Fig. 49. 

For the four metals examined, the number of scattered particles 
was proportional to the thickness of the scattering foil. This may be 
taken to show that the scattering was single, i.e. that the particles 
observed under the conditions of these experiments had undergone 
only one deflection in passing through the scattering foil. 

With the same experimental arrangement as shown in Fig. 48 the 
amount of scattering by different atoms was compared. Thin foils of 
the different materials were carried on the disc 8. The thicknesses 
of the foils were chosen to give about the same numbers of scattered 




A 




A 

Fig. 48. 
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Fig. 49. 

particlt^ . The results of one experiment are given in the following 
table. The source of a particles was radium (B -f C). 


Variation of scattering with atomic weight. 


1 

Substance 

11 

Atomic 

weight, 

A 

111 

Air 

equivalent 
in cm. 

IV 

Number 
of scintil- 
lations per 

minute 
corrected 
for decay 

V 

Number 

X of 
scintilla- 
tions per 
cm. air 
equivalent 

VI 

VII 

X X A 2 ' 3 

Gold i 

197 

0-229 

133 

581 

2770 1 

0-21 

Tin 

119 

0-441 

119 

270 

1300 

0-21 

Silver 

107-9 

0-262 

51-7 

198 

1120 

0-18 

Copper 

63-6 

O-GIG 

71 

115 

507 

0-23 

Aluminium 

27-1 

2-05 

71 

34-6 

141 

024 


The numbers given in column iv are the numbers of scintillations 
observed corrected for the variation in activity of the source, and 
also for the change in velocity of the a particles in the scattering 
foil. In column v are the numbers N of scintillations for a thickness 
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of foil equivalent in stopping power to 1cm. of air. Column vii 
shows that N x A 2 ^ 3 , where A is the atomic weight, is constant for the 
elements examined, i.e. that the scattering per centimetre air equi- 
valent is proportional to A 3/2 . Since according to Bragg’s rule the 
stopping power of an atom is proportional to A ^ 2 , these results show 
that the scattering per atom is approximately proportional to A 2 . 

In further experiments the scattering by the elements platinum 
and carbon was compared in addition to that of the elements in the 
above table. For all these elements Geiger and Marsden found that 
the amount of scattering was approximately proportional to the 
square of the atomic weight. According to Rutherford’s theory, the 
fraction of a particles scattered by an atom is proportional to the 
square of the nuclear charge. The experiments showed therefore that 
the magnitude of the nuclear charge is roughly proportional to the 
weight of the atom. 

From equation (6) it is clear that the actual value of the nuclear 
charge of an atom can be found by measuring the number of particles 
in the incident pencil and the number in the scattered pencil under 
definite geometric conditions. The scattered particles are, however, 
an extremely small fraction of the original pencil, and Geiger and 
Marsden adopted different methods of measurement for the two 
cases. In one experiment a source of radium (B -4- C) was used, and 
the number of particles in the incident pencil was calculated from 
its y ray activity and the geometric conditions. The number of 
particles scattered by a thin gold foil was observed at an angle of 45°, 
and a correction was applied for the fact that only 85 per cent, of 
the particles falling on the zinc sulphide screen produced scintilla- 
tions. In another experiment the source of a particles was a radon 

tube and the number of particles in the main beam was determined 
directly by the scintillation method after an interval of some weeks, 

in which time the radon had decayed to a suitably small amount. 

These experiments, combined with the observed variation of scattering 
with atomic weight, showed that for elements of weight greater 
than aluminium, the positive charge on the nucleus of the atom is 
roughly about \A .e, where A is the atomic weight and e the electronic 
charge. 

Another series of observations was carried out to investigate the 
way in which the scattering of the a particles depended on their 
velocity. A source of radium (B + C) was used, and beams of different 
velocities were obtained by placing absorbing screens of mica between 
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the source and the window 0 (Fig. 48). The particles were scattered 
by a thin foil of gold or silver placed at F. The results are shown in 
the following table. 


Variation of scattering with velocity. 


I 

Range of 
particles 

II 

Relative 
values of 1/F 4 

III 

Number N of 
scintillations 

IV 

AT 4 

5-5 

10 

24-7 

25 

4-76 

1*21 

290 

24 

405 

1-50 

33-4 

22 

3-32 

1*91 

44 

23 

2-51 

2-84 

81 

28 

1-84 

4-32 

101 

23 

104 

1 

9-22 

255 

28 


Column hi gives the number N of scintillations per minute under 
fixed conditions when a particles of the ranges given in column i 
were used. The relative values of 1/F 4 are entered in column II, the 
velocity V being calcuGted from the range by Geiger’s rule F 3 = aR. 
Ovc^ Hie whole range examined the product N F 4 remains sensibly 
constant, showing that the scattering varies inversely as the fourth 
power of the velocity of the a particle. This accords with the pre- 
dictions of the theory. 

§ 44. The magnitude of the charge on the nucleus. These experi- 
ments v -f Geiger and Marsden thus verified the conclusions developed 
by Rutherford in a most remarkable way, and left no doubt as to 
the essential truth of his conception of the atom as containing a 
small highly charged nucleus surrounded by an inverse square field 
of force. As is well known, this nuclear atom formed the basis of all 

subsequent speculations on the intimate structure of the atom, and 

in the hands of Bohr led to the remarkable development of the 
quantum theory of spectra. 

On this conception of atomic structure the fundamental constant 
of an atom is not the atomic weight but the magnitude of the nuclear 
charge. The charge on the nucleus fixes the number of the external 
electrons in the atomic system and controls their arrangement. The 
mass of the nucleus influences the arrangement of the electrons only 
to a very small degree. The physical and chemical properties of an 
element are determined by the charge on the nucleus, and the question 
of its actual magnitude thus becomes of great importance. 
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The experiments of Geiger and Marsden, as mentioned already, 
gave a rough estimate of the value of the nuclear charge. To within 
about 20 per cent, the charge on the nucleus was equal to \A .e, where 
A is the atomic weight, c the value of the electronic charge. Later, 
van den Broek* made the interesting suggestion that the nuclear 
charge might be equal to the atomic number of the element, and he 
showed that his suggestion was in good agreement with the scattering 
experiments. The importance "and bearing of this suggestion were 
quickly recognised, and it was adopted by Bohr in his papers on the 
structure of atoms and the origin of spectra. 

The first clear experimental evidence in its favour was given by 
Moseley’s investigations of the X ray spectra of the elements. 
Moseley found that the X ray spectra depended on the square of a 
number which increased by unity in passing from one element to the 
next of higher atomic weight. This number was not exactly equal to 
the atomic number but could be written as JV — a, where 2V is the 
atomic number and a a constant for the spectral series. Moseley 
supposed that this constant a represented a disturbing effect due to 
the electrons in the atom, and concluded that the atomic number 
gave in electronic units the actual value of the charge on the nucleus. 
This generalisation has been of fundamental importance in modern 
atomic theory, and gave a starting point for the development of the 

external structure of the atom. It has been subjected to direct test 

by Chad wick t, who has measured the nuclear charge of the three 
elements copper, silver and platinum. 

§ 44 a. Measurement of nuclear charge. The only direct method 
we have of measuring the nuclear charge is from the single scattering 

of a particles. The method consists in the measurement of the number 

of a particles in the original pencil of particles and the number in the 
scattered pencil under well-defined geometric conditions. 

The arrangement adopted in these experiments has been much used 

in subsequent observations of scattering and will therefore be described 
in some detail. 

In order to increase the fraction of scattered particles relative to 
the incident beam, a scattering foil in the form of an annular ring 
subtending a fairly wide cone was used. In Fig. 50 let R be the 
source of particles, A A' the scattering foil, and let a zinc sulphide 

* van den Broek, Phys. Zeit. 14, 32, 1913. 
t Chadwick, Phil. Mag . 40, 734, 1920. 
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screen be placed at a point 8 on the axis of the cone RAA' such that 
RA = AS. 

The solid angle subtended at R by an elementary annular ring 
^ k 2tt sin 

If Q is the number of a particles emitted per second by the source, 
the number falling per second on this elementary ring is 

IQ. sin 

The number scattered to unit area at S placed at right angles to 



Fig. 50. 


For the whole scattering foil of angular limits the number 

of particles falling per second on unit area at S is 


or 


Qntb 2 f 

32 ^*, 


cosec 3 \(f).d$(f), 


Qntb 2 
64 f 2 


[log tan \<f> 2 — log tan £</>! + cot \<f> l cosec h<f>i — cot \<f> 2 cosec 4</» a ], 


where r 2 is a mean value. 

The number of a particles falling per second directly on unit area 
at 8 is Ql where l = RS. 

With this arrangement the number of particles scattered by a 

suitable foil, oven of a heavy atom like platinum, is still about 1/500 
to 1/1000 of the number in the direct pencil. Thus if the scattered 
particles were falling on the screen at a convenient rate, say about 
30 per minute, the direct number would be about 20,000 per minute. 
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The counting of so large a number was accomplished by rotating 
in the path of the direct pencil a wheel containing a slit. By ad- 
justing the ratio of the width of the slit to the circumference of the 
wheel, the number of particles falling on the screen could be reduced 
to the desired extent. Thus the direct and scattered particles were 
counted on the same zinc-sulphide screen under similar conditions, 
and the accuracy of the measurement of the nuclear charge depended 
chiefly on the total number of a particles counted in the experiments. 

The apparatus used in these experiments is shown in Fig. 61. The 
diaphragm D served to define the angular limits of the beam of 



a particles striking the scattering foil held on the support A. It was 
arranged by suitable disposition of D and A that no particles could 
be scattered directly to the screen S from the edges of the diaphragm. 
The direct pencil of a particles passed through holes in the central 
discs of D and A, and could be cut off at will by the lead screen L 
carried by a glass joint Q. The wheel containing the slit was rotated 
between the end of the box and the screen S. The source of a particles, 

|R, was a disc of 2 to 3 mm. diameter coated on its face with radium 
(B + C). 

Three series of experiments were carried out in which foils of 
copper, silver and platinum were used as scattering materials. The 
results of the measurements gave for the values of the nuclear charge 
29»3e, 46* 3e and 77’4e, for copper, silver and platinum respectively, 
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with an estimated accuracy of between 1 and 2 per cent. The atomic 
numbers of these elements are 29, 47 and 78, so that these experi- 
ments gave a direct proof of Moseley’s generalisation that the charge 
on the nucleus is given by the atomic number. 

§ 45. The size of the nucleus and the law of force. In his theory 
of the scattering of a particles, Rutherford assumed that the force 
between the a particle and the nucleus of an atom was given by 
Coulomb’s Law. It was pointed out by Darwin 5 *' that a direct test of 
the law of force is given by the dependence of scattering on the 
velocity of the a particle. If the force around the nucleus vary with 

the distance as \/r p , then the number of scattered particles should 
2 

be proportional to °^her factors being kept constant. We 

have seen that the experiments of Geiger and Marsden showed that 
the number of scattered particles varied as the fourth power of 
the velocity of the a particle, to the nearest integral power (§43). 
Combined with the observed law of angular distribution of the scattered 
particles, this leaves no doubt as to the general validity of the Coulomb 
law of force in these collisions. 

This test of the law of force was repeated more strictly, though 
over a narrower range of velocity, by Chadwickf , using the apparatus 
shown in Fig. 51. By means of a ground joint H, mica sheets of 
known stopping power were brought in front of the source to cut 
down the velocity of the a particles incident on the scattering foil. 

The number of scattered particles was counted for three velocities, 
witli a scattering foil of platinum. The velocity was calculated from 
the emergent range by Geiger's rule. The results are given below. 


Mica sheet 

Relative F 4 

NY 4 

0 

1 

100 

1 

0549 

101 

2 

0-232 

103 


The values of A T F 4 are constant within the experimental error of 
about 4 per cent. It may be noted that if, instead of using Geiger’a 

rule to calculate the velocity of the particles, we use Brigg’s latef 
measurements (§ 22), the values of N F 4 in the table will show still 
better agreement. 


* Darwin, Phil. Mag. 27, 499, 1914. 
f Chadwick, loc. ctt. 
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The distance of approach of the fastest a particles used in these 
experiments was about 7 x 10 -12 cm., and of the slowest about 
14 x 10 -12 cm. Over this range of distance the force between the 
platinum nucleus and the a particle obeys Coulomb’s Law very closely. 

These results were extended by Rutherford and Chadwick* in one 
direction, by Rosef in the other. Rose observed the single scattering 
of a particles by gold at angles between 1° and 8°, with the object 



of investigating the effect of the K shell of electrons on the field 
around the nucleus. No such effect was found, and the results showed 
that the inverse square law of force held up to 1*7 x 10~ 10 cm. from 
the nucleus, within the accuracy of experiment. Rutherford and 
Chadwick examined the scattering of a particles by several elements. 
The most accurate experiments were performed with gold as scattering 
element. Using the annular ring method previously described, they 
measured the scattering by a thin gold foil between 40° and 70° and 

* Rutherford and Chadwick, Phil. Mag. 50, 889, 1925. 

f Rose, Proc. Roy. Soc. A, 111, 677, 1926. 
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between 65° and 100°. In each set of experiments the scattering was 
observed for a particles of two ranges, 6*7 cm. and 4-4 cm. in air, so 
that a direct check of the law of force was obtained. The results gave 
a nuclear charge for gold less than 2 per cent, different from the atomic 
number, and the comparison of the scattering of particles of different 
ranges showed that the inverse square law held very closely. 

In another series of experiments the scattering angle was kept 
constant at an average value of 135° ‘and the amount of scattering 
observed for a particles of different ranges. The apparatus used in 
these experiments is shown in Fig. 52. The source S was carried in 
a narrow tube T , which was closed by a thin sheet of collodion. The 
diaphragm C , made of graphite to reduce extraneous scattering, 
served to limit the beam of a particles. The particles fell normally 


if 

'qo' 3 

II! 


<0 

S g} 

fil 



x 

X 


X x x 

Scattering by SiWe 

135° 

X 

-0-5 



Clones 

1 

t Distance of Ap 

iproach. 

• 1 

£ 3 

4- 5^10 cm 

i 1 

1 1 

1 l 


Energy. 

Fig. 53. 


on Fy a thin foil of the element under examination. The scattered 
a particles were observed on the zinc sulphide screen Z, 

The source of a particles was radium (B + C). By placing ab- 
sorbing screens of mica over the source, a particles of different ranges 
were obtained, varying from 2-4 cm. to 6-7 cm. in air, and their 
scattering observed. Foils of gold, platinum, silver, and copper were 
used as scattering materials. No divergence from the inverse square 
law of force was found with these elements. The experimental results 
obtained with silver are illustrated by Fig. 53, where the ratio of the 
observed to the theoretical scattering is plotted against the reciprocal 
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of the energy of the a particle. The closest distance of approach of 
an a particle to the nucleus is, for a given angle of scattering, inversely 
proportional to the energy of the particle. The abscissae therefore 
represent also the region around the nucleus which was investigated, 
and a scale of distances is given in the figure. The dotted line gives 
the amount of scattering calculated from theory. It is seen that 
there is no evidence of any departure from theory, either in the 
variation of scattering with velocity of the a particle or in the actual 
fraction of particles scattered, within the limits of error of the ex- 
periments of about 10 per cent. 

On the generally accepted views of atomic structure, all nuclei 
consist ultimately of protons and electrons and must occupy a finite 
volume. When the a particle, itself a helium nucleus and a complex 
body, approaches closely to such a structure of charged particles it 
is unlikely that the forces exerted on it will continue to vary inversely 
as the square of the distance between the centres of the nuclei. As 
this distance decreases there will come a point where the forces 
between the two nuclei vary very rapidly with the distance, and 
the scattering of the a particle will depart widely from the predic- 
tions of theory. We may compare the collisions of the two nuclei 
with the collisions of the molecules of a gas, and in the same way 
that we speak of the size of an atom or molecule we may speak of 
the “size” of a nucleus. The experiments on the scattering of a par- 
ticles then give some information about the size of atomic nuclei. 
We have seen that the force between an a particle and a gold nucleus 
obeys Coulomb’s Law when the distance of collision is 3*2 x 10~ 12 cm. 
We may conclude, therefore, that the radius of the gold nucleus is 
not greater than 3-2 x 10 -12 cm. In the same way we find that the 
upper limits for the silver and copper nuclei are 2x 10~ 12 cm. and 
1*2 x 10 _l2 cm. respectively. The nucleus is thus minute in com- 
parison with the atom, which has a radius of roughly U)~ 8 cm. 

It will be seen later that experiments on the collisions of a particles 
with light elements have yielded more definite information about 
the size of nuclei, for in certain cases marked divergences from the 
scattering laws have been found for very close distances of approach 
between the colliding nuclei. No departure from inverse square forces 
has been observed in the collisions of a particles with the atoms of 
copper or of any element of higher atomic number. In all cases 
investigated, from copper to uranium, the scattering of a particles 
has been found to obey the simple rules formulated by Rutherford. 
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§ 46. Scattering at small angles and multiple scattering. The 

experiments so far described have dealt with the scattering of a par- 
ticles through comparatively large angles by thin sheets of matter. 
Under these conditions the scattering is single, the deflection of the 
particle is the result of a single atomic encounter. We have seen that 
the phenomena of single scattering are essentially simple and that 
it is easy to interpret the results of experiment in terms of the structure 
of the atom. 

When the scattering of a particles is examined at very small angles 
the conditions for single scattering will only be attained if very thin 
foils of matter are used as scattering agent. In general, the particles 
which are observed may have been scattered more than once. The 
relations which hold for such conditions will usually be extremely 
complicated When, however, the final deflection of the particle is 
the resultant of a very large number of small deflections of the same 



Fig. 54. 


order of magnitude, statistical methods can be applied to the calcu- 
lation of the distribution. This scattering process is known as multiple 
scattering. The relations which describe multiple scattering are not 
so simple as those for single scattering, nor are they based upon so 
definite a theoretical foundation. A thorough discussion of the appli- 
cation of statistical methods to the problem of multiple scattering 
has been given by Bothe*. It is clear that since the particles do not 
penetrate so deeply into the structure of the atoms through which 
they pass we cannot expect the phenomena of multiple scattering to 
provide much information about the structure of the atoms. The 
experiments on multiple scattering have indeed led to no definite 
conclusions about atomic structure and, speaking generally, the best 
that can be done is to show that the results are in accord with the 
nuclear theory. 

The conditions for the multiple scattering of a particles are most 
nearly realised when the scattering is observed at small angles from 

* Bothe, Zeit.f. Phys. 4, 300, 1921; 5, 63, 1921., 

H 
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relatively thick sheets of matter. The first experiments of this kind 
were those of Geiger*, to which we have already referred in § 42. His 
experimental arrangement is shown in Fig. 54. 



The source of a particles was radium (B + C) deposited on the walls 
of a narrow conical tube A , which was closed by a thin sheet of mica. 
A narrow pencil of particles passed through a circular hole D and 
was received on the zinc sulphide screen S. Scattering foils could be 
brought into the path of the rays at E or at D. 

* Geiger, Proc. Boy . Soc. A, 81, 174, 1908; 83, 492, 1910; 86, 236, 1912. 
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When the apparatus was exhausted and no foil was placed in the 
path of the particles, a small and very bright spot of scintillations 
was observed on the screen. When a thin foil of a few mm. air 
equivalent was introduced at D or E the bright spot disappeared, 
for, owing to scattering, the scintillations were distributed over a 
much greater area. The scintillations were counted at different dis- 
tances from the centre with the result shown in Fig. 55. From these 
measurements the most probable angle of scattering for the given 
foil can be deduced. Let n be the number of scintillations observed 



Fig. 56. 

per unit area at a distance r from the centre of the spot and s be 

the distance from the scattering foil to the zinc sulphide screen. Then 

2 Trrndr represents the total number of a particles scattered through an 
angle 6 given by tan 6 = r/s and the most probable angle of scattering is 
given when 2 Trrndr is a maximum. Fig. 56 shows Geiger’s results for 
scattering by different thicknesses of gold foil, plotted in this way. 
Geiger also investigated the dependence of the most probable angle of 
scattering on the thickness of the scattering foil, on the atomic weight 
of the material, and on the velocity of the a particles. 

Experiments on the multiple scattering of a particles have also 
b'jen carried out by Mayer* with, in principle, the same method, and 
with much the same results. 


H-2 


Mayer, Ann. d . Phys. 41, 931, 1913. 
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These experiments of Geiger were at the time taken to show that 
the scattering of an a particle in any encounter with a single atom 
was small and that a large deflection could only result from a very 
large number of encounters. Rutherford, however, showed that the 
results could be accounted for equally well on the theory of the 
nuclear atom. A closer examination of these experiments has been 
made recently by Bo the*, who developed statistical methods to deal 
with them. Bothe concluded that the experiments were in good 
agreement with his calculations. 

It must be noted that some of the observations recorded by Geiger 
do not satisfy purely statistical requirements of multiple scattering, 
such as are independent of any theory of atomic structure. For 
example, Geiger found that the most probable angle of scattering 
with a given foil was proportional to the inverse cube of the velocity 
of the a particle, while on any theory of multiple scattering it must 
be proportional to the inverse square. It seems doubtful then whether 
the conditions for multiple scattering were adequately realised in 
these experiments. More than a rough agreement with theoretical 
calculations is therefore not to be expected, and the results have 
mainly a practical interest. 

§ 46 a. Single scattering at small angles. Experiments on the 
scattering of a particles through small angles have also been made 
by Rutherford and Nuttallf . A pencil of a particles was sent between 
two glass plates 0-3 mm. apart and 14-5 cm. long. The glass plates 
were contained in a vessel to which gas at different pressures could 
be admitted. The emergent beam of particles was measured in an 
ionisation chamber of sufficient depth to absorb the particles com- 
pletely. The conditions of scattering are obviously not very definite, 
but it w as possible by this method to compare the scatteiing produced 
by various gases — hydrogen, helium, oxygen, etc. The results certainly 
seemed to agree with the law of single scattering and led to fairly 
correct relative values of the nuclear charges of the atoms used as 
scatterers. It is, however, somewhat doubtful if much importance 
can be attached to this agreement. In view of the small angle of 
scattering and the magnitude of the gas pressures which were used 
(about 7 cm. on the average), it does not seem likely that the con- 
ditions were suitable for the examination of single scattering. 

* Bothe, loc. cit . 

f Rutherford and Nuttall, Phil. Mag. 26, 702, 1913. 
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More definite are the experiments of Rose*, to which some 
reference has already been made. In these experiments the arrange- 
ment shown diagrammatically in Fig. 57 was used. A very thin foil 
of gold was placed at F in the path of a narrow pencil of a particles. 
The particles scattered through the annular opening A A' in the 
diaphragm P were observed. The number of particles in the direct 
pencil could be measured by allowing the particles to pass through 
the hole O. In most experiments the particles were counted by means 
of a Geiger electrical counter, in others the scintillation method was 
used. By changing the distance between the foil and the diaphragm, 
the scattering was examined over a range of angles from 1*2° to 
over 8°. 


p 



The r suits agreed very well with the angular distribution given by 
the theory of single scattering, except at the smaller angles. For 
example, with a foil of gold consisting of two layers of the thinnest 
leaf and for which the value of nt was 1-46 xlO 18 , the observed 
scattering was in good accord with theory when the angle of scattering 
was greater than about 2-5°. We may conclude that under these 
experimental conditions the scattering was at least mainly single, 
but that at smaller angles than 2-5° the scattered particles consisted 
in an appreciable part of particles which had suffered more than one 
atomic encounter. Scattering of this latter type, in which the final 
deflection of the particle is the resultant of a small number of atomic 
encounters, has been called ‘‘plural scattering.” It is the transition 
stage between single scattering and multiple scattering. The importance 
of plural scattering will be discussed later (§ 50) in connection with the 
mattering of rays. The experiments of Rose are of value in speci- 
fying the conditions under which the effects of plural scattering begin 


Rose, loe, cit. 
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to appear and to affect the comparison of experiment with the theory 
of single scattering. In addition, these experiments showed that the 
field of force around the nucleus of the atom of gold obeys the inverse 
square law fairly closely at distances between 0*4 x 10~ 10 cm. to 
1*7 x 10~ 10 cm., from inside the K shell of electrons to well outside it. 
The measurements were not sufficiently accurate to reveal any effect 
due to the electrons of the K shell. 

§ 47. Scattering from Wilson photographs. The fact that an 
a particle can suffer a large deflection from its path in a single en- 
counter with an atom is most vividly illustrated by photographs of 
the tracks of a particles in an expansion chamber. The first photo- 
graph of this kind was obtained by C. T. R. Wilson* in 1012. It is 
reproduced in Plate III, fig. 2. The track of the a particle shows 
two abrupt changes in direction, which must be attributed to close 
collisions with nitrogen (or oxygen) nuclei. In the second collision 

the a particle was deflected through an angle of about 45°, and at 
the point of collision there is clear evidence of a spur showing the 
track of the recoiling atom which had caused the deflection of the 

a particle. Plate V, fig. 1 is a photograph of a pencil of a particles 
from a source of thorium 0. Only the last 3 cm. of the range of 
the a particles are shown. One of the tracks shows very clearly the 

result of a close collision with a nitrogen atom. The a particle is 

deflected through about 70° and the nitrogen atom has received 
sufficient momentum to travel a distance of about 0-6 mm. in the gas. 

Close inspection of the photograph will show that most of the tracks 
suffer changes of direction, which are small until near the end of the 
range. Since the chance of deflection through a given angle is inversely 

proportional to the fourth power of the velocity, the deflections should 

occur more frequently near the end rather than the beginning of the 
range. 

An investigation of the laws of scattering by measurements of the 

tracks is, of course, a difficult and a tedious task, which has been 
attempted in only a few cases. Auger and Perrinf measured 52 tracks in 
argon and used their results to deduce a value for the atomic number 
of argon, which they found to be 19, as close to the actual value (18) 
as can be expected from the small number of observations. Blackettf 

* C. T. R. Wilson, Proc . Roy. Soc . A, 87 , 277, 1912. 

? t Auger and F. Perrin, C.R. 175, 340, 1922. 

j Blackett, Proc. Roy. Soc. A, 102, 294, 1922. 
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made a statistical analysis of a large number of tracks in argon and 
in air. In these experiments the track was photographed from two 
directions at right angles. From the two images thus obtained any 
deflection suffered by the particle could be measured with reasonable 
accuracy. Blackett examined chiefly the ends of the tracks when 
the velocity of the particle was small and where deflections were 
comparatively frequent. The velocity of the particles was not known, 
for Geiger’s rule loses its validity when the velocity is small and no 
direct measurements of range and velocity have been made in the 
region concerned in these experiments. The test of the nuclear theory 
was therefore restricted to observation of the angular distribution 
of the deflections. The angular distribution is quite sensitive to modifi- 
cations in the law of force*. For example, if the law of force is the 

inverse square, the ratio of the number of particles scattered at 10° 

to that at 90° is 4330, while if the force varies as the inverse cube 
the ratio is 525. The number of deflections examined was 281 in 
argon, and 1524 in air In both cases the distribution of the de- 
flections was in agreement with the inverse square law of force. The 
distances of approach in the collisions studied varied from 7-4 x 10~ 12 

cm. to 5-4 x 10~ 10 cm. in the case of argon, and from 3*2 x 10~ 12 cm. 

to 3 7 x 10~ 10 cm. in the case of air. Tt will be noted that the upper 
limit with argon is well outside the K shell of electrons. The experi- 

mental data are not sufficiently precise to show any effect of an 

apparent change in the nuclear charge due to shielding by the K 
electrons. 

§ 48. The scattering of )9 rays. In comparison with the agreement 
between the predictions of the nuclear theory of the atom and the 

results of experiments on the scattering of a particles, the experi- 

ments on the scattering of ft rays leave much to be desired. The 
conclusions derived from the measurements which have so far been 

made are not only less precise and definite than in the corresponding 

experiments with a particles but indeed some observers have found 
it difficult to reconcile their results with the accepted views of atomic 
structure. 

The reasons for this unsatisfactory state of our knowledge are 
mainly connected with the greater technical difficulties of experi- 
i lents with £ particles. In contrast to the a radiation, the £ radia- 
tion emitted by a radioactive source is not homogeneous but consists 

♦ Cf. Darwin, Phil. Mag. 27, 499, 1914. 
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of particles of widely different velocities. For a detailed study of 
scattering it is important to use a primary beam of particles of 
approximately the same velocity. To obtain such a beam with the 
available sources of rays it is then necessary to adopt some kind 
of resolving device, such as a magnetic field, to sort out particles 
of a suitably narrow range of velocity, with the result that the 
primary beam is of low intensity. A further complication is intro- 
duced by the fact that there is generally a strong y radiation 
present, emitted by the source of ft rays. The measurement of the 
scattered beam of ft rays, which must usually be of very small 
intensity, in the presence of a strong y radiation is a matter of some 
difficulty. 

The definiteness of the experiments on the scattering of a particles 
is partly due to the simplicity and certainty of the scintillation 
method of counting the particles, even in the presence of strong 
/ 3 and y radiations. For the particles no such method is available ; 

while it is possible to record p particles by the electrical counter 
the method is subject to various limitations, particularly in the 
presence of an appreciable y radiation. 

The chief defect of the earlier experiments, and the one most 
responsible for the unsatisfactory agreement with theory, was the 
failure to fulfil the experimental conditions under which true single 

scattering can be obtained with ft particles. The difficulty of attaining 

such conditions is a necessary consequence of the small energy of the 
average p particle. According to the theory of single scattering the 

deflection experienced by a particle in a given encounter is inversely 
proportional to the square of the kinetic energy of the particle. For 
a given distance of approach between the nucleus and the particle 

the 0 particle will therefore be deflected through a much greater angle 

than the a particle, or to produce the same deflection in both cases a 
much greater distance of collision will suffice for the p particle. Thus 

the effective radius of the scattering atom is very much greater and 

there is a correspondingly greater likelihood that the final deflection 
of the ft particle under the usual conditions of experiment may be 
due to two or more encounters, instead of a single one. We shall return 
to this question in § 50. 

In addition, the theory of scattering of p rays is complicated by 
various factors, such as the change in mass of the p particle with 
its velocity, and the possible loss of energy by radiation as the 
P particle accelerates around the nucleus. 
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§ 49. Early experiments. It was early shown by many workers* 
that the p rays were much more easily scattered by matter than 
the a rays. For example, Crowther showed, in 1908, that the p par- 
ticles were strongly scattered in passing through sheets of matter 
so thin that the absorption was inappreciable. The early experiments 
dealt mainly with the scattering of a complex beam of p radiation by 
comparatively thick sheets of material, and it was not to be expected 
that the results would show any simple relation either with the 
average velocity of the ft particles or with the nature of the scattering 
material. The first experiments in which the scattering of P particles 
was studied in detail were carried out by Crowtherf in 1910. His 
experimental arrangement is shown in Fig. 58. 



A nearly homogeneous pencil of p rays from a radium prepara- 

tion A was obtained by passing the rays between the poles of an 

electromagnet EFOH. This homogeneous pencil passed through the 
opening D into the scattering chamber S. The rays after passing 
through an opening R covered with thin aluminium foil entered the 
testing vessel T where the ionisation current due to them was 
measured. In order to avoid the scattering of the p rays by the 

♦ Cf. Becquerol, C.R. 130, 979 and 1154, 1900; Eve, Phil. Mag. 8, 609, 1904; 
McClelland and llackett, Trans. Roy. Soc. Dubl. (2) 8, 169, 1905; Crowther, Proc. 
Hoy. Soc. A, 80, 186, 1908; Madsen, Phil. Mag. 18, 909, 1909. 
f Crowther, Proc. Roy. Soc. A, 84, 226, 1910. 



218 MULTIPLE SCATTERING OF f} PARTICLES 

air their path to E was through an exhausted space. On introducing 
a thin foil P the raj r s are scattered, and the effect measured in T is 
then due to those rays which have been scattered through an angle 
less than <f> , where <f> is half the angle subtended by the opening E. 
In order to obtain as homogeneous a pencil of ft rays as possible 
the opening D was small, with the result that the effect of the y rays 
from the radium was comparable with that due to the ft rays. 
A balance method was therefore employed to obtain accurate measure- 
ments of the ionisation currents. 

The results obtained were compared with the theory of scatter- 
ing advanced by Sir J. J. Thomson*. On this theory the atom 
of matter was supposed to consist of a sphere of uniform positive 
electrification in which was distributed an equal and opposite charge 
in the form of negative electrons. The p particle traverses the atom 

and suffers irregular deflections due to a close approach to the 

constituent electrons or to the field due to the positive sphere. The 
deflections were supposed to be in general small, and the observed 
deflection of particles was ascribed to the probability distribution 
resulting from a large number of small deflections, if 6 is the average 
deflection due to an encounter with an atom, the mean deflection of 
a particle after N encounters was taken as \/N . 0. Now if n be the 
number of atoms per unit volume of material, b the radius of the 
atom, the number of encounters in passing through a thickness t is 
mrbH. Consequently the mean deflection 

(f> m = VmrbH.d, 

or <f> m /\/t should be constant for a given material. The theory also 

indicated that the value of mv 2 /y/t m should be constant for a given 
material for a given value of (j>, where t, n is the thickness of foil 

required to scatter half the particles through the angle <f>, and m, v 

are the initial mass and velocity of the jS particle. 

Both these relations were confirmed by Crowther, and his experi- 

ments seemed therefore to support the Thomson theory of the atom. 

Later, Rutherford was able to show that the same relations, differing 
only by a numerical constant, should also hold on the theory of 
single scattering by the nuclear atom. These tests were therefore not 
sufficient to decide between the two theories of atomic structure. Ab 
we have seen, the decisive evidence was provided by the experiments 
on the scattering of a particles in favour of the nuclear theory. 

* J. J. Thomson, Proc. Camb. Phil. Soc. 15, 466, 1910. 
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In view of the small angles of scattering and comparatively large 
thicknesses of the scattering foils, there is no doubt that the experi- 
ments of Crowther are to be interpreted on the laws of multiple 
scattering. If the scattering is multiple, the probability of a deflection 
greater than </> will be e~* a,n0t or e~^' lct6 \ where c is a constant. For 
a given angle of scattering the relation between the intensity of the 
current in the ionisation chamber and the thickness of the scattering 
foil will therefore be given by I /I 0 = 1 — e~ k t , where k is a constant 
for that angle. Crowther’s measurements were in accord with this 
relation. On single scattering the relation would be, for small values 
of t only, I/I Q = 1 — at, where a is a constant for a given angle of 
scattering. 

In a discussion of this and later experiments oil the scattering of 
fi particles Bothe* calculated the relations which should hold be- 
tween the “angle of half scattering” and the thickness of scattering 
foil in the cases of single and of multiple scattering, on the basis of 
the nuclear theory of the atom. For purposes of calculation he con- 
siders ; the atom as a nucleus with a continuous distribution of 
electrons in the outer shell of the atom. He supposed the conditions 

to be such that the angle of scattering (f> was so small that tan 
cocld be replaced by He then showed that if the scattering is 

single a foil of thickness t containing n atoms per c.c. of atomic 
number Z will scatter half the incident particles through more than <1>, 

where <J> is given by 

0 = \/2. 9 . Z . V 7 Tilt 

mv 2 

and where m, v, e are the mass, velocity, and charge of the ft particles. 

If the scattering is multiple, the corresponding relation is with certain 

approximations 

= 2-6 Viral 

mv 2 

Both relations are of the same form, and differ only by a numerical 

constant of 1-8. Bothe showed that Crowther’s results were in very 

fair accord with theory; in particular the value of 0/Z \/t calculated 

from the measurements was constant within the error of experiment. 

Substantially the same experimental method was used later by 
Crowther and Schonlandf. The earlier results were confirmed but 
they found the linear relation between I/I Q and t which is indicated 

♦ Bothe, Zeit, /. Phys. 13, 368, 1923. 

t Crowther and Schonland, Proc . Roy. Soc. A, 100, 626, 1922. 



220 MULTIPLE SCATTERING OF f} PARTICLES 

by the theory of single scattering. The actual amount of scattering 
was, however, found to be much too large, and to account for this 
they suggested that either the law of force close to the nucleus was 
not that of the inverse square or the electron might have a magnetic 
moment. 

Certain difficulties arose with either of these explanations, and 
although Schonland* in a later paper dealt with the sources of error 
in the method and obtained results in fair accord with theory, it seems 

that, the true explanation of the discrepancy between the results of 
Crowther and Schonland and the predictions of the nuclear theory 
is that their experiments did not satisfy the conditions for single 
scattering. The linear relation found by them to hold between /// 0 

and i was not a true one, but depended on the fact that the theoretical 
curve connecting the amount of scattering with thickness of foil is 
not far from linear about the middle of the range in which they were 
working, and their experimental error was sufficient to allow a linear 
relation to be suggested. 

Meanwhile the multiple scattering of ft rays had been investigated 

by Geiger and Bothe|, using a photographic method for measuring 
the intensity of the /S radiation. On the whole their results were in 
good accord with the corresponding experiments on a rays, and with 

Crowther’s early experiments. For small thicknesses of scattering 
foil, they found that the scattering was proportional to the thickness 
of the foil rather than to the square root. This linear relation, though 

taken to indicate that single scattering conditions were beginning to 
be realised, was however only an approximation to linearity similar 
to that found by Crowther and Schonland. 

§ 50. "Plural" scattering. The discrepancies in these experimental 

results led to several attempts J to provide a more complete theory of 

scattering, and in particular to the question of the scattering to be 

expected under conditions between the two extremes of multiple 

and true single scattering. In discussing Crowther and Schonland’s 

experiments, Bothe§ pointed out that any method which measures 

the "half scattering angle’’ must of necessity deal to a notable 

extent with particles which have been scattered more than once. 

♦ Schonland, Proc. Roy. Soc . A, 101, 299, 1922. 
t Geiger and Bothc, Zeit. f. Phys. 6, 204, 1921. 

t Of. Jeans, Proc. Roy. Soc. A, 102, 437, 1923; H. A. Wilson, Proc. Roy. Soc. 
A, 102, 9, 1923; and the papers of Bothc and Wentzcl cited below. 

S Bothe, Zeit.f. Phy». 13, 368, 1923. 
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This is easily seen to be the case, for if the probability that a particle 
be scattered through the angle </> is \ the chance that it will be 
scattered twice through that angle is When the variation in 
scattering with angle is taken into account, it is clear that the 
particles scattered through more than </> must consist to a large 
extent of particles which have suffered more than one deflection. 
The relations which should hold approximately between the “angle 
of half scattering” <t> and the thickness t of foil have been given 

above for the chhin of ninglt‘ n.ncl mu ltiple sea.t'fcoring. Bothe showod 
that most of Crowther ami Sehonlanci’s results were in a region 
intermediate between these relations, but that those obtained under 
conditions of multiple scattering were in agreement with the results 

of Geiger and Bothe. 

The problem of dealing with a type of scattering between the two 

e.vtremes of single and multiple scattering, that is, with scattering in 
which the final deflection of the particle is the result of a few fairly 
large deflections, has been considered in detail by Wentzel*. Scat- 
tering <>1 this type has been termed, for want of a better word, 

“plural" scattering. Wentzel showed that under certain conditions 
“plural” scattering may be more important than single scattering, 

or, in other words, that the deflection of a particle through a certain 
angle is more likely to occur in a small number of medium steps than 
in a .singi' large step. The scattering observed under such conditions 

will therefore be greater than that predicted by the theory of single 

scattering. 

Wentzel showed that Crowther and Schonland’s experiments 

should not be interpreted on tne basis of single scattering, but that 

plural scattering and in some cases multiple scattering was effective. 
He developed the theory of plural scattering in great detail and 

applied his calculations to some of the results of Crowther and 

Schonland. He was able to show that in these cases the theory 
provided an adequate explanation of the experiments, on the basis 

of the nuclear atom and the Coulomb law of force. In many of the 

observations of Crowther and Schonland the scattered particles 
had suffered so many deflections that, the calculations became 

too cumbrous. One would expect that in these cases the relations 
of multiple scattering should begin to hold, and Bothe did in fact 
And, as already noted, that the results could be interpreted in 
this way. 

* Wentzel, Ann. d. Phys. 69, 335, 1922. 



222 


PLURAL SCATTERING 


An example of the application of Wentzel’s calculations to a par- 
ticular case studied by Crowther and Schonland is shown in Fig. 59. 
The angle of scattering was 6-3°, the scattering element was gold, and 
the velocity of the incident ft particles 
was 0*85 c, corresponding to an energy 
of 4*6 x 10 5 electron volts. The gold foils 
used as scattering material were each 
8*5 x 10 -6 cm. thick. The relation calcu- 
lated by Wentzcl between the amount of 
scattering and the number of scattering 
foils is given by the curve, while the 
circles represent the experimental ob- 
servations. The variation in amount of 
scattering with number of foils given 
by the theory of single scattering is 
shown by the straight line S. As the thickness of foil is increased, 
the curve for plural scattering rises more rapidly than the single 
scattering line, with which it is identical for sufficiently thin foils. 
It is of interest to note that an appreciable portion of the plural 
scattering curve is approximately linear; a linear relation between 
amount of scattering and thickness of foil, if determined by experi- 

ments over a short range of thickness or with considerable error, 
does not therefore necessarily imply the presence of purely single 
scattering. 

§51. Criterion for single scattering. In the course of this work 
Wentzel (he. cit.) developed an adequate criterion for the presence of 

true single scattering. The argument by which he arrives at this is 

briefly as follows. 

If the scattering foil is of thickness t and contains n atoms per c.c., 

then Wentzel shows that the most probable number of atomic en- 

counters made by the particle in passing through the foil, when the 
number is small, is the whole number between i rp 2 nt and 7rp 2 nt — 1, 

where p is the effective radius of the atom. That is to say, the 

scattering will be mainly single so long as 7rp 2 nt< 2. The greatest 
atomic radius which still fulfils this condition is p max = V2/7rnt. 
Fixing the effective atomic radius in this way means that we regard 
all particles which do not penetrate within this distance of the centre 
of the atom as undeflected. A particle which just penetrates into 
this region will undergo a deflection to given, on the nuclear theory, 



Number of foils 
Fig. 59. 
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This is easily seen to be the case, for if the probability that a particle 
be scattered through the angle </> is \ the chance that it will be 
scattered twice through that angle is When the variation in 
scattering with angle is taken into account, it is clear that the 
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intermediate between these relations, but that those obtained under 
conditions of multiple scattering were in agreement with the results 

of Geiger and Bothe. 

The problem of dealing with a type of scattering between the two 

e.vtremes of single and multiple scattering, that is, with scattering in 
which the final deflection of the particle is the result of a few fairly 
large deflections, has been considered in detail by Wentzel*. Scat- 
tering <>1 this type has been termed, for want of a better word, 

“plural" scattering. Wentzel showed that under certain conditions 
“plural” scattering may be more important than single scattering, 

or, in other words, that the deflection of a particle through a certain 
angle is more likely to occur in a small number of medium steps than 
in a .singi' large step. The scattering observed under such conditions 

will therefore be greater than that predicted by the theory of single 
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Wentzel showed that Crowther and Schonland’s experiments 

should not be interpreted on tne basis of single scattering, but that 

plural scattering and in some cases multiple scattering was effective. 
He developed the theory of plural scattering in great detail and 

applied his calculations to some of the results of Crowther and 

Schonland. He was able to show that in these cases the theory 
provided an adequate explanation of the experiments, on the basis 

of the nuclear atom and the Coulomb law of force. In many of the 

observations of Crowther and Schonland the scattered particles 
had suffered so many deflections that, the calculations became 

too cumbrous. One would expect that in these cases the relations 
of multiple scattering should begin to hold, and Bothe did in fact 
And, as already noted, that the results could be interpreted in 
this way. 

* Wentzel, Ann. d. Phys. 69, 335, 1922. 



224 


SINGLE SCATTERING OF j3 PARTICLES 

§ 52. Calculation of the single scattering of f$ particles*. Before 
describing experiments in which the single scattering of fi rays has 
been studied, we must proceed to consider what modifications to the 

expressions developed in § 42 for the scattering of a, particles are 
necessary when they are applied to f3 particle scattering. 

Tlie relations of § 42 were obtained on the assumption that tlio 

mass of the particle remained constant and that its kinetic energy 
was given by bM F 2 . These assumptions are sufficiently correct in the 
case of the cc partieles, but they 
cannot be retained in considering ,n v 
the scattering of the particles. 

Since the mass of the particle 

increases with its velocity, some of p j 

the energy acquired by the particle 
in moving under the attracting 

force of the nucleus will be used 
in increasing the mass, and the 
velocity will not increase to the 

extent it would if the mass re- 
mained constant. Consequently 
the particle spends a longer time 

in the nuclear field and its deflec- 
tion is greater than that given by the simpler theory. The variation 
of mass with velocity changes the character of the orbit of the particle, 

and in certain cases the orbit becomes a spiral going right into the de- 
flecting centre, representing a capture of the fi particle by the nucleus. 
The modifications in the orbits caused by the change of mass have 

been considered by Darwinf, whose calculation has been given in a 

convenient form by SchonlandJ. 

Since the mass of the electron is very small except when its velocity 

iB close to that of light, the motion of the nucleus during the en- 

counter may be neglected. 

Let m ) v be the initial mass and initial velocity of the /J particle, 

m', v' the mass and velocity at the point (r, 0) (Fig. 60). Then 

m = m 0 (1 — v 2 /c 2 )~l, m = m 0 ( 1 - v' 2 /c 2 )~l. 

* Mott, Proc. Bay. Soc. A, 124, 425, 1929, has calculated the scattering of p particles 
by an atomic nucleus on the wave mechanics. Some points may be noted: the spiral 
orbits of the classical theory do not occur, and the beam of scattered particles is 
polarised. The scattering calculated in this way is rather less than that observed 
experimentally, but the difference may perhaps be accounted for by the effects of 
radiation. 

f Darwin,PAi/.ifa0.25,2Ol,1913. { Schonland, Proc. Roy. Soc. A, 101, 299, 1922. 




SINGLE SCATTERING OF j9 PARTICLES 225 

From the conservation of angular momentum we have 
m'r 2 & = mvp, 

and from the conservation of energy 

( 1 ) , f 1 J , Ze 2 

° (V(l i lV(l-v 2 /c 2 ) f ** 

From these two equations we can deduce that the equation of 
the orbit is 

py/r — sin yO (1 — cos yO) p 0 /(py ft) (1), 

where y = vT — Po 2 /p 2 > P — v / c » 

and /-»o — V 1 — ft 2 /ni Q C z ft. 

If we write ~ cosec «/r, this becomes 

_py/r — sin (0 cos 0) + [1 — cos (0 cos 0)] tan 0 . 1/ft ...( 2 ). 

If the deflection of the pa. ricle is <f>, then tt -f 0 is the angle between 
the asymptotes and 1 (tt f <£) is the vectorial angle of minimum r. 

Thus C V (rr 0), whence 

p cot ip = tan [7r — J (77 + <£) cos i/r] (3), 

and from this 0 can be found in terms of 0 and p. 

It the scattering foil contains n atoms per c.e. and has a thickness 

t cm . the chance that the particle will be scattered through an angle 

great ei tlh.n 0 will be 

q = 7 rpHt «= nut ( p Q cosec ip ) 2 

Vl - ft 2 12 

= Trnt Ze- cosec </> (4), 

/ /IqL p 

where f is given by the above relation, 

This expression has often been written in the following form : 


q = 7mt.L~j .WPtf.ffaP), 


where T is the kinetic energy of the p particle, and where 


m 

The term f 2 (0, /3) has been there regarded as the correction to be 

ap[ lied to the simpler theory in which the variation of mass of the 
scattered particle is neglected. This is hardly justified, for it is equi- 
valent to calculating the initial velocity of the particle from its 
energy by the relation \mv % = Energy. 


RRS 


15 
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It is perhaps preferable to use the form 


q = -rmt. ( cot* 

V cot £<£ ; 


( 5 ). 


The correcting term, thou small for moderate values 

of cf> and /3, and in the comparison of theory with experimental results 
it can often be neglected. 

The orbits represented by equation (I) may be divided into two 
kinds, according as p is greater or less than p 0 . 

When p is greater than p Q the orbit is a curve modified from an 
hyperbola having the nucleus in the focus, the modification con- 
sisting in increasing every element of vectorial angle in the ratio of 

1 to V I — Po l ;p l . For large values of p or high velocity of the 
particle, the orbit is nearly a true hyperbola. For smaller values of p 
or smaller velocity, the path of the particle tends to wind round the 
nucleus and when p/p 0 approaches unity the particle may describe 
several turns before it can escape. 

When p is less than p 0 the orbits have the form of a spiral and 
the particle winds round and round the nucleus and is finally cap- 
tured. It was pointed out by Darwin that these spiral orbits cannot 

in fact result in a capture of the particle, for otherwise a transmuta- 
tion of the elements under /? particle or cathode ray bombardment 
would be eavSily observed. It seems probable that the particles which 

should describe these spiral orbits escape from the atom without 

serious loss of energy. It is of interest to note ill this connection 
that if the electron possesses a magnetic moment, however small, no 

capture of the electron can occur*. 

In these calculations it has been assumed that tile particles SUiltT 
110 10SS of energy by radiation processes. We know from experiment 

(hat some radiation does take place in collisions between JJ particles 

and matter, and the theoretical work of Kramers f on the (JUtUltlini 
theory of “white” X radiation suggests that radiation occurs from 

orbits of the kind considered above. While a direct calculation of 


the result of a radiation of energy in modifying the orbits seems at 
present impossible, it is easy to see that the general effect must be 
to distort the orbits still farther from the hyperbola and to increase 
the amount of scattering. At the same time the critical impact 


* Bothe, Zeil.f. Phy*. 44, 643, 1927. 

■f Kramers, Phil. Mag. 46, 845, 1923. According to Kramers, the effects of radia- 
tion will be inversely proportional to the atomic number of the scattering nucleus. 
They are thus most serious for the light elements. 
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parameter p 0 would increase and with it the number of particles which 
should describe spiral orbits. Wc should expect, on general grounds, 
that, when p is largo compared with the radiation loss would he 
small and that the equations developed above would be valid. 

Another factor which has been neglected in the above calculation 
is the influence of a possible polarisation of the nucleus by the 

approaching particle (of. § 62 ). The polarisation will be less than in 
the case of the a particle, on account of the smaller charge carried 
by the /3 particle. The polarisation forces will in general be small. 



except, in the case of scattering of fas* fi particles through large angles. 

Their effect will be to increase the critical impact parameter p 0 , and 

the increase in$, will be the more pronounced the greater the velocity 

of the particle. The effect of polarisation is thus in the same direction 

as that of radiation processes, to distort the orbits from the hyperbola 

and to increase the number of spiral orbits. An exact calculation has 

not yet been given. 

§ 53. Experiments on single scattering. Experiments in which the 

conditions for single scattering have been realised have been curried 
out by Chadwick and Mereier* and by Schonland. 

1 1 the former series of experiments the method developed earlier 
by Chadwick for measuring the scattering of a rays was used. The 
apparatus is shown in Fig. 61 and its general arrangement will be 
* Chadwick and Mereier, Phil. Mag. 60, 208, 1925. 

15 2 
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clear from the previous description. The annular limits of the scat- 
tering foil, held on the support A , were 12° and 20°, so that the 
scattering was measured between angles of 24° and 40°. The inten- 
sities of both the scattered particles and the direct beam from the 
source S were measured in the hemispherical ionisation chamber I. 
Thus the scattered and the direct particles had the same length of 
path in the chamber, and the ionisation currents gave to a first 
approximation tlie ratio of the numbers of particles in the scattered 
and direct beams. The currents were measured by means of the 

electrometer shown oil the left of the figure. 

The source of y3 rays was a deposit of radium E, which emits very 
little y radiation. No attempt was made to sort out a pencil of rays 

of definite velocity. The primary beam was therefore heterogeneous. 
While this lack of homogeneity is of little moment when comparing 
the scattering by different elements, it becomes very important when 
the actual fraction of scattered particles is to be estimated, for the 

chance of scattering varies inversely as the square of the energy of 
the particles. 

The scattering produced by foils of four elements — aluminium, 
copper, silver and gold — was examined. For the thinnest foils used 

WentzePs criterion for single scattering was fulfilled, and the scat- 
tering was observed to be proportional to the thickness of foil. This 
is shown by the results obtained with foils of aluminium, which are 

given in the curve of Fig. 62. The ordinates represent the ratio of 

the ionisation currents due to the scattered particles to those for 

the direct particles and the abscissae the value of nt for the foil used. 
If the conditions for single scattering are fulfilled the curve should 
be a straight line passing through the origin. It is seen that this is 

true only for small values of nt. The effect of plural scattering begins 
to be appreciable for an aluminium foil of nt about b2 x 10 19 , 

corresponding to a weight of 0*54 mg./sq. cm. or a thickness 

of 2yi. 

The amounts of scattering shown by thin foils of the four elements 

examined are compared in the following table. 


Element 

Atomic 

number Z 

Scattered 

Direct 

Ratio 

| Corrected 


Aluminium 

13 

0 00234 

i 

i 

i 

Copper 

29 

00113 

4-83 

5-03 

4-98 

Silver 

47 

0-0302 

12-9 

13-5 

13-1 

Gold 

79 

0075 

32-1 

34 1 

37-0 
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The ratio of the scattered to the direct particles given in the third 
column is calculated for a foil of nt = 10 18 of each element from 
measurements similar to those shown in Fig. 62 in the case of 
aluminium. In the fourth column the amounts are compared taking 
the amount for aluminium as unity. Strictly, in order to compare 
the nuclear scattering for the different elements an allowance should 

bo made for the scatt(;ring effect of the electrons in the atom. In 
this way the corrected ratios of the next column are obtained. It 
will be seen that the correction is very small. Comparison with 



Fig. 62. 

column 5 shows that the scattering effect of an atomic nucleus is 

proportional to the square of its charge, as required by the theory, 
except in the case of gold. The discrepancy in this case was explained 

by a calculation of the orbit of the |3 particle round the gold nucleus. 

Under the experimental conditions the path of the particle lies outside 
the K shell of the atom, and thus the effective nuclear charge is less 

than the actual charge by about two units. 

The actual amount of scattering observed was compared with that 
1 J expected on the theory. This comparison could not be made 

with much accuracy owing to the heterogeneity of the primary pencil 

of ft rays. The ft rays of radium E differ widely in velocity; the dis- 
tribution in the magnetic spectrum extends up to 5000 lip but has 
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a pronounced maximum at 2200 Up. Since the chance of scattering 
under given conditions is inversely proportional to the fourth power 
of the velocity of the particle, the calculation of the scattering for 
such a distribution of particles cannot be satisfactory. Such com- 
parison as was possible showed that there was no marked discrepancy 
between theory and experiment. The observed scattering was about 
25 per cent, greater than the calculated scattering, a divergence 
within the errors of calculation. It should be noted that under the 



conditions of these experiments the impact parameter p of the orbits 
had a comparatively large value. The spiral orbits do not arise, and 
the effects of loss of energy as the particles describe their orbits in 
the nuclear field are not likely to be serious. 

A more extensive series of measurements was made by Schonland*. 
The essential part of his apparatus is shown in Fig. G3. 

A homogeneous beam of fast cathode rays entering through the 
slits S V S 2 fell on the scattering foil F situated at the junction of two 
evacuated brass cylinders R and T. The top cylinder T received the 
transmitted beam of particles and the bottom one R received the 

* Schonland, Proc, Roy. Soc. A, 113, 87, 1926. 
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particles scattered by the foil through more than 90°. The currents 
passing to the cylinders were measured by a balance method. The 
negatively charged grid G of fine wires prevented the disturbing 
effect of slow secondary rays emitted from the foil. Some of the 
scattered particles strike the ebonite base of this grid so that the 
scattering was actually measured between the angles 90° and 161°. 
The energy of the primary particles was varied from 30,000 to 80,000 
volts. 



The results obtained showed that the conditions for single scat- 
tering were fulfilled for the thinnest foils used. Fig. 64 shows the 
results obtained with various thicknesses of aluminium foil, the 
ordinates giving the fraction of scattered particles. The upper curve 
was obtained with particles of energy 59,900 volts, or = 0*447, and 
the lower curve with particles of energy 77,300 volts, = 0*497. It 
will be seen that the linear relation between the amount of scattering 
and the thickness of material holds only over a certain range. This 
range, in which the conditions for single scattering are fulfilled, is 
shorter in the upper curve than in the lower, as we should expect. 
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The upward bend of the curves indicates the appearance of plural 
scattering. It is of interest to note the value of Wentzel’s criterion for 
single scattering at the points where the experiments show that single 
scattering is giving place to plural scattering. From the upper curve 



we find <f>/ 4o> = 2-7 and from the lower curve we find =3-1. 
The average value <f>/ 4a> =2-9 is in fair agreement with the previous 
estimate of Rose (§ 51). 

The scattering powers of four elements, viz. aluminium, copper, 
silver and gold, were compared, with the results shown in Fig. 65. 
(Two scales of thickness are employed, one for aluminium and copper, 
and one for silver and gold, as shown in the figure.) It will be noted 
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that the curves for copper, silver and gold are linear only over the 
initial portion of the range of thickness examined, indicating the 
early incidence of plural scattering. The dotted lines were taken to 
represent the effects of pure single scattering. 

The comparison of these measurements with the theory of single 
scattering is shown in the following table. 


Element 

P 

n * 

Z 

pjnZ 2 

Aluminium 

0-000612 

6-04 x 10 22 

13 

6-0 x 10- 29 

Copper 

0 00043 

8-51 

29 

6-0 

Silver 

0-00087 

5-90 

47 

6-7 

Gold 

0-00272 j 

5-93 

79 

7-3 


The second column gives the fraction p of particles scattered by 
a foil of thickness 1 x 10 _5 cm. of the material in the first column. 
The third column gives the value of n , the number of atoms per c.c. 
in the foil, the fourth Z the atomic number of the element. The 
figures in column 5 show that the quantity p/nZ 2 is constant within 
the experimental error, as is required by the theory, except in the 
case of gold. The discrepancy in the case of gold was attributed to 
the presence of secondary rays emitted by the gold foil under the 
bombardrru nt of the primary rays. 

From these results Schonland calculated the values of the nuclear 
charges of the scattering elements and obtained a satisfactory agree- 
ment with the atomic numbers. 

He also investigated the variation of scattering with the energy 
of the particles. He used an aluminium foil of 5 x 10~ 5 cm. thick- 
ness as s. attering agent, and varied the energy of the incident 
particles from 39 kilovolts to 77*3 kilovolts. The conditions prevailing 
in these experiments were, however, unsuitable for an adequate test 
of the theory in respect of the absolute amount of scattering and its 
variation with the energy of the particles, for the impact parameter 
p had too small a value. For example, the measurements with 
aluminium foils were made under conditions such that all the scattered 
particles approached a nucleus in an orbit with a parameter p less 
than 2-9 p 0 . An appreciable fraction of the scattered particles should 
therefore have described looped orbits and the forbidden spiral orbits, 
xdie probability of radiation processes was also thereby increased. 

In a later paper Schonland* modified his conclusions to allow for 
these conditions. On the reasonable assumption that the particles 
* Schonland, Proc. Roy . Soc. A, 119 , 673, 1928. 
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which should theoretically describe spiral orbits are in effect scattered 
equally in all directions, and, neglecting any radiation losses, he 
showed that the variation of scattering with the energy of the 
particles was as given by the theory of the previous section, and 
that the fraction of scattering was about 20 per cent, greater than 
the calculated amount. This difference may be due to the effect of 
radiation processes. 

It is clear from what has been said that an adequate test of 
the theory of p rav scattering has not yet been carried out. 
We can, however, say that there is no discrepancy between the 
experimental results and the predictions of the theory which 
cannot be reasonably ascribed to the conditions of experiment or 
to factors the influence of which cannot be exactly calculated. 
The scattering varies with the thickness of the scattering material 
and its atomic number in the way demanded by the theory, but 
the amount of scattering is probably a little too great. This 
difference has been attributed to the effect of radiation of energy 
by the particles in their orbits. The scattering varies with the energy 
of the incident particles in approximately the expected way. No 
examination of the angular distribution of the scattered particles 
has been made. 

It may be pointed out here that for a strict test of the theory the 
following conditions must be satisfied — the scattering must be single, 
particles homogeneous in velocity must be used, and the impact 
parameter p must be large compared with the critical value p 0 . This 
means in practice the use of the thinnest foils of scattering material, 
moderate angles of scattering, and particles of an energy of at least 
200,000 volts. 

§ 54. Scattering of p particles by electrons*. In the previous calcu- 
lation only the scattering effect of the nucleus of the atom has been 
considered, not that of the electrons. The electronic scattering may, 
however, be appreciable in the case of scattering by light elements. 
If we consider the electron in the atom to be at re r c before the 
encounter and take its mass equal to that of the incident p particle, 
then the chance that the p particle will be deflected through an angle 
greater than </> is, neglecting the relativity correction, 

/2e 2 \ 2 

?‘=Uw ■ 7rntC0t ^- 

* See, however, Mott, Proc. Roy. Soc. A, 126, 259, 1930, where the collision of two 
electrons is considered from the standpoint of quantum mechanics. 
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If the atomic number of the scattering atom is Z, then the total 
electronic effect of an atom is given by* 

( 9g2\ 2 

rrivV • 7m<cot ^- 

The correction for the variation in mass will not generally be of 
importance and will diminish the scattering, for in these collisions 
the ft particle is retarded in its m6tion, not accelerated as in a 
collision with the positive nucleus. 

Comparing this expression with that for the nuclear scattering, we 
see that the effect of the electrons in the atom is the more marked 
the smaller the atomic number of the atom. In fact, in the case of 
hydrogen the electron is almost as efficient in scattering as the 
nucleus when the angle is small, while for gold the amount of the 
electronic scattering is only about 1 per cent, of that of the nucleus. 

An investigation of the electronic scattering of ft rays has recently 
been made by M. C. Henderson by comparing under the same 
experimental conditions the scattering of hydrogen and helium with 
that of heavier atoms such as oxygen, argon, bromine and iodine. 
Two experimental arrangements were used, one similar to that of 
Crowther. the other the annular ring method adapted for scattering 
in a gas. The results showed that between angles of 10° and 30° the 
electronic scattering was about three times that given by theory. 
This excess scattering may arise from the presence of magnetic forces 
around the electron, in addition to the ordinary electrostatic force. 
The suggestion that the electron possesses a magnetic moment has 
bee, i made from time to time by various workers, but it has received 
its strongest support from considerations developed in quite another 
field of work. 

Uhlenbeck and GoudsmitJ. in 1925, suggested that if the electron 
could be considered to be rotating on its axis, another degree of 
freedom would be provided that could be quantised in the usual way 
to yield a fourth quantum number, needed to interpret the anomalous 
Zeeman effect and multiplot structure. Their hypothesis has had a 
considerable degree of success in explaining various anomalies in 
optical spectra. On this hypothesis the rate of spin of the electron 

* At a given angle <j> there will bo present also electrons projected by the collision 
of the particles wbieh are scattered through the angle t ~ <f>. These will have the 
same velocity as the p particles scattered at angle <f>. 

t M. C. Henderson, Phil. Mag. 8, 847, 192th Cf. also Williams and Terroux, Proc. 
Ron. Soc. A, 126, 289, 1930. 

{ Uhlenbeck and Goudsmit, Natunriss. 13, 953, 1925; Xature , 117, 264. 1926. 
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is such as to give the electron a magnetic moment of one Bohr 
magneton (== ehj^Trm^c). The magnetic force should therefore be much 
greater than the electrostatic force for a comparatively large distance 
around the electron, and we should expect the collisions between 
electrons to be profoundly modified in consequence. The exact calcu- 
lation of the effect of magnetic forces is very complicated and has 
not so far been accomplished. Henderson’s experiments certainly 
point to a departure from the normal electrostatic force, but until 
the variation of scattering with angle has been more closely investi- 
gated it is not justifiable to draw any more specific conclusion than 
this. Perhaps, as Dirac* has suggested, it may be possible to account 
for all the observed facts without the assumption of a magnetic 
electron, by taking account in the equations of the wave-mechanics 
of the change of mass of the electron with its velocity. He has already 
shown that such a method can lead to a solution of the problem for 
which the spinning electron was postulated. 

A further point which must be mentioned in discussing the question 
of electronic scattering is the possibility that the interaction of a 
p particle with an atomic electron may not be adequately described 
by the laws of classical mechanics. It is well known that the collisions 
of slow electrons with the outer electrons of an atom follow the 
laws of quantum mechanics. In analogy wdth these, we should expect 
that the classical laws would suffice for the collisions of fast p par- 
ticles with weakly bound electrons and that the failure of ordinary 
mechanics would be the more marked the closer the energy of the 
p particle approaches to the ionisation or resonance energy of the 
atomic electron. This supposition is supported by some experiments 
of Websterf on the excitation of characteristic X rays by cathode 
particles, in wffiich he found that the probability of a quantum 
absorption of the cathode particle jumped to a maximum when its 
energy just exceeded the excitation energy and then decreased con- 
tinuously as the energy of the particle was further increased. In the 
case of p rays the energy of the particles is in general much greater 
than the energies of the electron levels in the scattering atom, except 
in the case of heavy elements. Inelastic collisions should therefore 
be comparatively rare, and should occur to an appreciable extent 
only with the K electrons of heavy atoms, such as gold. It is difficult 
to predict the effect of an inelastic collision on the scattering of the 

* Dirac, Proc. Roy. Soc. A, 117, 610, 1928; 118, 351, 1928. Cf. also Iwanenko and 
Landau, Zeit.f. Phys. 48, 340, 1928. 

t D. L. Webster, Pkys. Rev. 7, 599, 1916. 
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particle, but it may perhaps appear as an excess scattering super- 
imposed on the ordinary scattering. 

Some experimental evidence of the existence of these inelastic 
collisions has been obtained by Bothe*, in observations of the scat- 
tering of the ft rays of radium E by a thin gold foil. He found that 
the scattering was greater than was to be expected from calculation, 
and that the excess particles consisted at least in the greater part 
of particles of very small velocity. v lTiese were not present in the 
particles scattered from aluminium under the same conditions. Bothe, 
therefore, considered them to be particles which had suffered a quantum 
absorption in the K level of gold, in which the binding energy is about 

80.000 volts. Inelastic collisions of a similar kind may perhaps 
account for the excess scattering observed by Schonland in the 
case of gold, although the energy of the incident particles used 
by him was 77,300 volts, rather less than the binding energy of 
the K level and much greater than that of the L level, which is about 

14.000 volts. 

§ 55. Evidence of scattering in jS ray tracks. It is of interest to 
note that photographs of the tracks of fi particles in an expansion 
chamber show very clearly the types of scattering discussed in the 
prev ious sections. Both Bothef and C. T. R. Wilson J have published 
such photographs and have pointed out that the tracks show the 
abrupt changes in direction, sometimes through more than a right 
angle, due to single scattering, and the slower curvature due to the 
cumulative effect of a large number of smaller deflections. Bothe 
observed, in all, 17 cases in which a ft particle was deflected in a 
single encounter through more than 45°, 0 of these being through 
more than ( J0°. He calculated that under the conditions of experiment 
the numbers to be expected on an average were 14-4 and 2*5 respec- 
tively. Wilson found that out of 503 ft rav tracks 44 showed deflec- 
tions greater than 00° in the portion between 0*5 cm. and 1*5 cm. 
from the end of their path. The calculated number was about 54. We 
may conclude that the frequency of the large single deflections is 
roughly in accord with theory. 

It has occasionally been pointed out that some fi ray tracks show 
a gradual curvature, which often appears to persist in one direction 
only. To explain this, somewhat strained hypotheses have from time 
to time been made. Bothe, after a careful study of such tracks, came 

* Bothe, Zeit.f. Phys . 13, 308, 1923. 

t Bothe, Zeit.f. Phys. 12, 117, 1922. 

t C. T. R. Wilson, Proc. Roy. Soc. A, 104, 192, 1923. 



238 SCATTERING IN /? RAY TRACKS 

to the conclusion that the mechanism of multiple scattering was able 
to account for all the observations. The persistent curvature in one 
direction was more apparent than real and due to a tendency of an 
observer to see a succession of random points as a smooth curve. 

These photographs also give evidence of the scattering of p rays 
by electrons, shown by the occurrence of forked tracks. These are 
due to a close collision of the ft particle with an atomic electron, which 
acquires sufficient energy to escape from its orbit and to produce a 
track comparable with that of the original ft particle. If the masses 
of the atomic electron and the ft particle were equal, and if energy 
and momentum are conserved in the collision, the angle of the fork 
should be exactly 90° and the three arms should be coplanar. The 
relativity change of mass of the ft particle will make the angle of 
the fork rather less than 90°; for example, if the initial velocity of 
the p particle is 0-9c (700,000 volts), the angle should be about 
76° in the special case when the two branches make equal angles 
with the stem of the fork, that is, when the p particle transfers half 
its energy to the struck electron. 

These forks are of comparatively rare occurrence. Bothe* found 
on the average one fork for every metre of p ray track. He obtained 
in his photographs only eight clear examples of P ray forks, a number 
sufficient to give only a very rough estimate of the frequency of 
electron scattering, and to show that there was no serious departure 
from theoretical expectations. It is impossible to distinguish after 
the collision between the recoil electron track and that of the incident 
p particle. The chances are that the least deflected prong of the fork 
is due to the P particle, for a small deflection is more likely than a 
large one. 

Examples of P ray tracks obtained in a Wilson chamber are shown 
in Plates IY r and VIII. Plate VIII, fig. 2, shows a straight track due 
to a fast p particle, and fig. 1 of the same plate a curved track due 
to a slow particle which has suffered many small deviations in its 
passage through the air. Plate VIII, fig. 3, shows a track in which 
the p particle has suffered a large abrupt deflection due to collision 
with a single nucleus. In Plate IV, fig. 3, a stereoscopic pair of 
photographs is reproduced; the P particle has here collided with an 
atomic electron and it will be seen that the angle between the direc- 
tions of motion of the P particle and of the recoiling electron im- 
mediately after the collision is very close to a right angle. 

* Bothe, Zeit.f. Phya. 12, 117, 1922. 
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In some experiments of Skobelzyn* * * § a strong magnetic field was 
applied to bend the ft rays while in the expansion chamber and so 
to reveal their velocities. Skobelzyn was thus able to measure the 
velocity of the particle both before and after a collision with a nucleus 
as shown by a large single deflection. He found that in a few cases 
the velocity of the particle was definitely less after the collision than 
before. In one of these cases the particle was deflected through an 
angle of 30° in a collision with, presumably, a nitrogen nucleus. The 
curvature of the track before the collision gave a value for Hp of 
3330, corresponding to an energy of 610 kilovolts; after the collision 
an Hp of 2700, corresponding to 450 kilovolts. In another case, a 
picture of which is given in Plate VIII, fig. 4, the particle had 
initially an energy of about 900 kilovolts, corresponding to a range 
in air of some metres. After the collision with a nucleus resulting in 
a deflection of about 90° the energy of the particle was much less. 
The whole of the subsequent path of the particle was visible in the 
photograph and had a length of about 13 cm., which corresponds to 
an energy of less than 100 kilovolts. The j8 particle thus suffered a 
considerable loss of energy in passing through the nuclear field. This 
energy was presumably emitted in the form of radiation, by the 
processes considered by Kramersf and Wentzel J. These observations 
of Skobelzyn bring out very clearly a point which has been men- 
tioned previously, that radiation processes must be taken into 
account in an adequate theory of the scattering of )8 particles. 

In the experiments of Wilson (loc. cit.) it was noted that in a fair 
proportion of the forked tracks a branch of considerable range 
occurred when the primary ft ray suffered only a very siliall deviation, 
and that momentum w as not conserved in the motion of the particles. 
These observations have as yet received no satisfactory explanation. 
Williams and Terroux §, working with ft rays of much greater initial 
energy, found no evidence of such anomalous collisions. 

* Skobelzyn, Zeit. /. Phys. 43, 354, 1927. 

f Kramers, Phil. Mag. 46 , 845, 1923. 

X Wentzel, Zeit. f. Phys. 27, 257, 1924. 

§ Williams and Terroux, Proe. Poy. Soc. A, 126 , 289, 1930. 



CHAPTER IX 

THE COLLISIONS OF a PARTICLES WITH LIGHT ATOMS 


§ 56. In the previous chapter those experiments on the scattering of 
a particles in passing through matter were described which confirm 
the essential assumption of the present theory of atomic structure, 
that the atoms of matter contain a positively charged nucleus having 
practically the whole mass of the atom associated with it. The ex- 
periments showed that the magnitude of the positive charge of the 
nucleus was fixed by the atomic number of the atom, or its position 
in the ascending series of the chemical elements. In the collisions 
examined in these experiments, in which no elements of smaller 
atomic number than copper were investigated, the atomic nucleus 
and the a particle behaved as point charges repelling each other 
with a force varying inversely as the square of the distance between 
them. 

It is to be anticipated that divergences from the Coulomb law of 
force would appear when the collisions between the atomic nucleus 
and the a particle are sufficiently close, for the nuclei are generally 
supposed to have a complex structure and to be built up in some 
way from two common units, the electron and the hydrogen nucleus 
or proton. Since the closest distance of approach to a nucleus of 
an a particle of given energy is proportional to the charge of the 
nucleus, it is in the collisions of fast a particles with the nuclei of 
the lighter elements that deviations from the normal law of force 
might be expected to be most readily discovered. In this chapter 
we shall give an account of experiments in which such collisions have 
been studied and which provide definite evidence of a departure from 
the Coulomb law of force at very small distances between the colliding 
particles. Before proceeding to these experiments it will be con- 
venient to discuss the question of the collision of an a particle with 
a nucleus ifi more detail than in the preceding chapter. 

The general scattering relation. In considering the collisions 
of an a particle with an atomic nucleus in § 42, it was assumed that 
the mass of the nucleus was infinitely large compared with that of 
the a particle. ^The nucleus remained at rest during the collision, 
and 'the a particle preserved its original kinetic energy. While this 
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assumption was justifiable in describing the scattering of a particles 
by heavy atoms, it is obviously untrue for the collisions with light 
atoms. 

We shall now deal with the general case and include the fact that 
the nucleus is set in motion in collision. The calculations for the 
general case have been given by Darwin*. Let the charge and mass 
be E , M for the a particle, Ze , m for the nucleus. Let V be the initial 
velocity of the a particle, v its velocity after impact. The nucleus is 
at rest before the collision. There are four unknown quantities to be 
determined by the collision, the velocity v and deflection <j> of the 
a particle, and the velocity u and direction of motion 6 of the struck 
nucleus (Fig. 66). If momentum and energy are conserved in the 


mu 



translational motion — that is, there is no energy lost by radiation 
or transferred to rotational motion — the direction of motion of the 
nuch us will be in the plane fixed by the initial and final directions 
of the a particle, and we shall have the following relations: 

MV = Mv cos (j) -f mu cos 6 1 

0 — Mv sin (f> — mu sin 0 r (1). 

MV' 1 — Mv 2 -h mu 1 J 


From these we derive 
2V 


tan <j> = 


M 

M -f m 
m sin 20 


cos 0 


M — m cos 26 



v = 

tan 6 = 


y v 

M + m [Mco&<t>±Vm*- J.Psin a f)j 

m cot <f> ± Vm? cosec a <f> - M 2 | 

M + m I 


(3). 


* Darwin, Phil. Mag. 27, 499, 1914. 
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In the latter equations the positive sign is to be taken when m £ M. 
The negative sign therefore applies only in the case of collisions of 
a particles with hydrogen nuclei, or with electrons. 

Certain aspects of the collisions of an a particle with an 
electron have been considered in chapter v. Since in such a collision 
m 2 — M 2 sin 2 </> becomes negative when the value of <j> is greater than 
about 30 seconds, when we substitute for m the mass 6f the electron, 
we see that an a particle cannot be deflected in a collision with an 
electron through an angle greater than this. 

In the calculation of the orbit of an a particle deflected by an 

infinitely heavy nucleus surrounded by a Coulomb field of force the 

following relation was deduced between the impact parameter p and 

the deflection <£' : . ~ „ 

r , 1 ZeE 

tan ^ MV*' 

where Ze is the charge on the nucleus. The closest distance of approach 
in this orbits or apsidal distance, was 

p cot l (it — </>'). 

By a well-known process in the theory of orbits the more general 
case in which the nucleus is allowed to move during the collision can 
be obtained from this particular case by substituting 1 JM -f* 1/m for 
I/if in the relations. The results then apply to the relative motion 
of the a particle and a nucleus of mass m. 

Thus if we write 


tan \(f>' — 


V 


V 2 


•it 




the deflection <£' of the a particle is relative to the moving nucleus. 

■^ ow , . , v sin 6 + u sin 0 

tan (f> — T 

v cos <f> — u cos d 

and using the relations (1) and (2) this can be reduced to 
tan ft = — tan 26. 

Hence ' 6 = i (n — </>'). 

From this relation and (2) we obtain, by eliminating 6 , 

if 

cot <f> = cot </>' + “ cosec <f>', 

from which the actual deflection <f> is easily obtained from the relative 
deflection <f>'. 
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ZeE I 1 
v ~ V a (if + 

1 ) tan 6 * 
m) 

(4). 

The apsidal distance is given by 



V 1 + m 

j (1 + sec B) 

(5). 


The fraction of a particles scattered through an angle greater 
than (f) by a foil of very small thickness t (so that the scattering is 
single) and containing n atoms per c.c. will be 

q = TTp 2 nt = 7 mt /x 2 tan 2 6 (6), 

ZeE /l 1\ 

Wltmg “= V 2 \M + m)’ 

and where tan 6 is given in terms of <f> by (3) above. 

If Q a particles per second fall on the scattering foil, then the 
number scattered between </> and (f> + d<f> will be Qnt.27rp.clp and the 
number of these observed within a solid angle c o will be 

sin </> d<p 

Substituting the value of p in terms of <£ deduced from (4) and (3) 
we find 

. Z 2 e 2 E 2 „ . [cot </> ± \/cosec 2 </> - (M/m) 2 ] 2 

q = Qntw cosec 3 d> T . L _ ' J 

M 2 V 4 ^cosec 2 </> — ( Mjm) 2 

(7). 

This is the general scattering relation when the motion of the nucleus 

is taken int > account. For ail collisions except those in helium or 

hydrogen m > M and the positive sign is to be taken. The above 

expression can then be expanded in powers of M jm and, writing 

, 2 ZeE . r 

as before, 


MV 2 

q — j J ff Qntb 2 a) {cosec 4 \<f> 


2 (Mjm) 2 -f 1 — § sin 2 <f> (31 jm) 4 } 


.( 8 ). 

The first term of this expansion is that given by equation (6) of 
§ 42, where the motion of the nucleus was neglected. Since cosec 4 \<f> 
is always greater than 1, the effect of the correcting terms due to 
motion of the nucleus is very small except for the light atoms. Even 
in the case of scattering by aluminium the correction is never greater 
than 4 per cent. 

In the following table are given the closest possible distances of 
approach, i.e. the apsidal distances in the case of a head-on collision. 
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of the a particle of radium C, of velocity 1-922 x 10 9 cm./sec., to 
the nuclei of certain atoms. These distances of approach are calcu- 
lated on the assumption that the a particle and the nucleus behave 
as point charges repelling each other with a force varying inversely 
as the square of the distance between them. It will bo seen later 
that this assumption is not true in the case of close collisions with 
the nuclei of the lighter elements. The values given in the table for 
the first four elements, therefore, do not represent the distances of 
approach realised experimentally. 


Element 

Atomic 

number 

Atomic 

weight 

Closest distance 
of approach 
on Coulomb’ 8 Law 

Hydrogen 

1 

1-008 

1-9 x 10 -1J cm. 

Helium 

2 

4-0 

1-5 

Carbon 

6 

12-0 

3-0 

Aluminium 

13 

27-1 

5-5 

Copper 

29 

63-57 

11*5 

Silver 

47 

107-9 

18-2 • 

Gold 

79 

197-2 

30-1 

Uranium 

92 

238-2 

38-0 


In this table the atomic weight has been taken to give the mass of 
the nucleus. This is of course only approximately true in the case of 
elements which consist of isotopes. Since the distance of approach 
depends on the mass of a nucleus as well as its charge, an a particle 
of given velocity will approach more closely to a heavier isotope of an 
element than to a lighter one. The difference is, however, very small 
except in the case of very light elements; in the case of lithium, for 
example, the closest distance of approach of the a particle of radium C 
is T88 x 10 -13 cm. for the isotope of mass 6 and 1-77 x 10~ 13 cm. for 
the isotope of mass 7. 

§ 57. Deductions from energy and momentum relations. We shall 
now consider certain consequences which do not depend on any 
hypothesis of a law of force but that follow from th' assumption 
that the collisions of a particles and atomic nuclei are perfectly 
elastic. 

The relation (3) of the previous section gives the velocity of the 
a particle after a collision resulting in a deflection <f>. If we write 
mjM = k, we get 

cos (f> Vk 1 - sin 3 <f> 

T+ 1 + k+ 1 


v/V 
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Assuming Geiger’s rule that V 3 = aR } we can calculate the range of 
the a particle after the collision. The following table gives the range 
in cm. of air of the a particle of radium C, of initial range 7 cm., 
after scattering through various angles by some atoms. 



30° 

60° 

90° 

120° 

150° 

180° 

He 

4-5 

0-9 

0 





— 

C 

61 

4*2 

2-5 

1-4 

1*0 

0*9 

A1 

6-6 

5-6 

4-5 

3*6 

3*0 

2*9 

Cu 

6-8 

6-4 

5-8 

5-3 

50 

4*8 

Ag 

6-9 

6-6 

6-3 

5*9 

5*7 

5-6 

An 

7-0 

7-0 

6-8 

6*4 

6-2 

6-2 


It is seen that an a particle when scattered by a light atom through 
a large angle sutlers a reduction in range so marked as to be readily 
detected by experiment. So far as measurements have been made 
they are in good agreement with the above calculations*. 

Considering now the motion of the struck nucleus, we see from 
relations (2) above that the light atomic nuclei may attain considerable 
velocities if the collision is close. In the case of a head-on collision, 
a hydrogen nucleus will receive a velocit}' of 1*6 V, a helium nucleus V, 
carbon \ V , and oxygen 0-4 V, for example. It is to be expected that 
the shock of the collision will free the hydrogen and the helium 
nuclei of their electrons, but it is not possible to say a priori what 
will be the charge carried by the recoiling carbon or oxygen atom. 
We can therefore make a reliable estimate of the ranges of the pro- 
jected atoms only for hydrogen and for helium. To find the range 
of the projected hydrogen nucleus, Darwinf applied Bohr’s theory 
of the motion of electrified particles and he deduced that the range 
should be about the same as that of an a particle of the same velocity. 
This result is confirmed by experiment (cf. § 59). 

It has already been mentioned that in the expansion photographs 
of a ray tracks a large deflect ion of the a particle is accompanied bv 
a “spur” due to the recoiling atom. By photographing a large 
number of a ray tracks, Blackett has obtained many cases of “spurs” 
or “forks.” In his earlier experiments two photographs of the track, 
viewed from mutually perpendicular directions, were taken, by 
means of an arrangement of mirrors, through the same lens on the 
same plate. In later experiments two independent cameras were 

* Cf. Geiger and Ma radon, Phil. May. 25. 004, 1013; Rutherford and Chadwick, 
Phil. May. 60, 889, 1925. 

t ’ >arwin, loc. nt. 
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used, their axes being at right angles. From the two projections of 
the track thus obtained it is possible to deduce the true angles 
between the forks and the lengths of the forks. In this way 
Blackett* has made a study of the forked tracks obtained in hydro- 
gen, helium, air and argon. For the present, we are concerned only 
with their bearing on the assumption of the conservation of energy 
and momentum in the collisions. It follows from equations (2) and 


(3) of § 56 that 


m/M = sin </>/ sin (20 -f <f>), 


a relation which can be tested directly by measurement of the angles 
between the arms of the fork and the stem. 

Of the collisions examined in this way none, except those resulting 
in a disintegration of the struck nucleus (see § 71), showed a departure 
from this relation greater than the experimental error. For illustration, 
we may take the collisions shown in Plate IX, figs. 1, 2, 3. Fig. 1 shows 
a collision of an a particle with a hydrogen atom, the least deflected 
arm of the fork is the path of the a particle. Fig. 2 is a collision with 
a helium atom. In this case it is impossible to say which of the arms 
is due to the a particle, though the probability is that it is the least 
deflected arm. In Fig. 3 the collision is with an oxygen atom, which 
has produced the shorter of the two branches. The measurements 
of these forks gave the following results: 


Atom 

4> 

e 

m/M 

observed 

m/M 

calculated 

Hydrogen 

8° 27' 

68° 0' 

0-253 

0-252 

Helium 

38° 34' 

50° 53' 

0-981 

1-000 

Oxygen 

76° 6' 

45° 12' 

4-18 

4-00 


In some later and more accurate experiments Blackett and 
Hudsonf obtained two very good photographs of collisions with 
hydrogen atoms. The measurements of these showed tbat any kinetic 
energy lost in the collision could not be greater than 85,000 electron- 
volts in the one case, or 51,000 electron-volts in the other, while the 
energy of the incident a partiole was about 6,000,000 electron-volts. 
These experiments thus confirm very strongly the assumption that 
within the experimental error both momentum and energy are con- 
served in the majority of the collisions of a particles with atomic 
nuclei. 

* Blackett, Proc. Roy. Soc. A, 103, 62, 1923. 
f Blackett and Hudson, Proc. Roy. Soc . A, 117, 124, 1927. 




PLATE IX 



-Tig. 1. Collision of a particle with hulrogen atom. 




Fig. 3. Collision of <« particle with oxygon atom. 
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On the other hand, some evidence has been brought forward 
which indicates that in some collisions the momentum may be con- 
served and not the energy, in others neither momentum nor energy. 
For example, Auger and Perrin 1 *' state that although in most of the 
cases of collision observed the energy an(J momentum relations were 
satisfied, a few were found in which the energy, relation failed. 
Momentum was still conserved, as was shown by the coplanarity of 
the three branches of the track. Akiyamaf has obtained stereoscopic 
photographs of seven forked a ray tracks in air. Of these only two 
appeared to satisfy both momentum and energy relations, while in 
three cases the momentum relation was not fulfilled. 

It may perhaps be possible to explain these anomalous cases as 
due to the difficulties of measurement inherent in the method. Not 
only may the tracks be distorted by instrumental errors of many 
kinds, but the errors involved in the calculation of the angles may 
take large values under certain circumstances. For these reasons 
only a very small proportion of the forked tracks observed may be 
suitable for a test of the energy and momentum relations. It is 
indeed highly improbable that the momentum criterion, the co- 
planarity of the fork, should fail to hold within the accuracy of 
experiment. If there is a loss of momentum in the collision, it must 
appear in the motion of a third body or as radiation. In the former 
case the track of the third body should be observed, while in the 
Matter, owing to the small momentum associated with a given energy 
of radiation, it is easy to show that the energy lost by radiation 
would be a large fraction of the total energy of the a particle even 
when the departure from coplanarity was small. 

It is, however, not unlikely that in very close collisions the atomic 
nucleus may suffer a deformation of such magnitude that a ft appre- 
ciable amount of kinetic energy disappears. Such inelastic collisions 
have been discussed by SmekalJ and are also suggested by con- 
siderations developed to explain the anomalous scattering of a par- 
ticles (see § 62). It is generally assumed that the nucleus of an 
atom is a system of positively and negatively charged particles. 
When the a particle approaches very close to such a system, there 
may' be a considerable displacement of the particles relative to each 
other, produced by the electric field of the a particle. The energy 

* Auger and Perrin, C.R. 176, 340, 1022. 

t Akiyama, Jap . Joum. Phy«* 2, 279 and 287. 1923. 

I Smekal, Phys. ZtU. 27. 383, 1926. 
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tfansfeiTed to the nucleus to cause this distortion may not all be 
.returned to the a particle as it recedes from the nucleus and may 
remain as vibration energy of the displaced particles, to be dissipated 
later in some fqrm. It is possible to make a very rough estimate of 
the amount of energy which may be lost in this way, by assuming 
that the polarisation of the nucleus is due to the displacement of an 
elastically bound particle with a frequency of free vibration v . Kuhn* 
has shown that if the particle is a proton or an a particle, v may be, 
for some nuclei such as those of magnesium or aluminium, of the 
order of the y ray frequencies, about 10 20 . Now the time of collision 
is of the order of 10~ 21 sec., so that the time of collision is short 
compared with a period of free vibration of the particle. In such a 
case the displacement of the particle will lag behind the electric field 
due to the a particle and the energy of distortion will not all be 
returned to the a particle as it moves away; the energy transferred 
to the nucleus may be a few per cent, of the energy of the incident 
a particle. If v is much greater, as it may be in very stable nuclei, 
e.g. the helium nucleus, or if the displaced particles are electrons, 
the amount of energy remaining with the nucleus will be very small. 
In this case, when the time of collision is long compared with a 
period of free vibration of the particle, the displacement of the 
particle will correspond exactly to the external field, and no energy 
will remain with the nucleus when the a particle has moved away. 
The amount of energy lost in the collision will be the work done in 
displacing the particle and will be only a very small fraction of the 
energy of the a particle. Since the a particle must be regarded as a 
very stable nucleus, the distortion suffered by it during the collision 
is not likely to absorb any appreciable amount of energy. 

It is Evident that very accurate measurement will be required to 
give definite fh^prma^on on this point. The only cases in which 
inelastic collisions have been established with certainty are those in 
which a nitrogen nucleus is disintegrated and the a particle appears 
to have been captured by the nucleus. In this connection, however, 
the experiments of Slaterf are of interest. Slater found that when 
heavy atoms, such as gold, are bombarded by a particles a small 
amount of y radiation is emitted w'hich from its penetrating power 
he judged to have its origin in the nucleus. This observation would 
indicate that some of the collisions of a particles with gold nuclei are 
inelastic, but the evidence cannot be regarded as definite. 

* Kuhn, Zeit.f. Phys. 44, 32, 1927. f Slater, Phil. Mag. 42, 904, 1921. 
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We may conclude therefore that at least in the great majority of 
the collisions of an a particle with atomic nuclei momentum and 
energy are conserved in the motion of the particles. 

§ 58. Range and velocity of recoil atoms. The investigation by 
Blackett* of branched a ray tracks has already been mentioned on 
account of its bearing on the conservation of energy and momentum 
in the collisions of a particles with atoms. These experiments also 
provided information about the relation between the range and 
velocity of the recoiling atom, set in motion by the a particle. The 
range of the recoil atom was given immediately by the length of its 
track and the velocity was obtained from measurement of the angles 
of the fork. 

If in Fig. 60 the ranges of the a particle after the collision and of 
the recoil atom are R M and R m respectively, then we may write 
v = /j (Rm) and u — f 2 (R m ). This assumes that both the a particle 
and the recoil atom travel a given distance for a given initial velocity ; 
in other words, that no straggling occurs. If the straggling should 
be considerable, these functions may be regarded as giving an average 
value for the velocity at a given distance from the end of the tracks. 

The equations (1) and (2) of § 50 give 
a __ M sin <j> 
v m sin 6 
m sin (j> 

m(X JJ“%in(20 + <£r 

Since the range of t he a particle after collision, can be measured 
from the fork, the velocity v can be found at once if the relation 
v — fi(R M ) is known. This relation was determined by Blackett + 
from a statistical analysis of the deflections shown by a particle 
tracks (cf. § 22 a). He concluded that for small values of the range, 
between 0*5 mm. and 10 mm. in air. the relation was approximately 
v - R m $ . When the range R M of the deflected a particle is greater 
than a few millimetres, the velocity of the particle may be estimated 
fiom its range by using the results of Briggs (§ 22). In some eases 
another estimate of v may be qbtained by measuring the distance of 
he point of collision from the origin of the a particle and a know- 
ledge of the initial velocity of the particle. When v is thus deter- 
mined and if 6 and (f> are measured, the velocity u of the recoil atom 

* * Blackett, Proc. Roy. Soc . A, 103. 62, 1923. 

| Blackett, Proc. Roy. Soc. A, 102, 21)4, 1922. 
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can be calculated from the above equations. The range of the recoil 
atom may be so short that 6 cannot be measured with the desired 
accuracy, but if the nature of the recoil atom and therefore the value 
of m is known it is not necessary to know 9. In this way the values 
of u and R m can be determined for the recoil atom in each branched 
track. 



and 760 mnv. pressure 
Fig. 67. 

This procedure was carried out with a number of forked tracks 
obtained in air, hydrogen, helium and argon. The results found for 
recoiling atoms of argon are shown in Fig. 67 together with some 
later results obtained in the same way by Lees *. The range of the 
recoil atom is given in terms of air at 15° C. and 760 mm. pressure. 

* Unpublished. 
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Both R m and R M were of course in this case measured in argon, and 
the reduction to air was made by measuring the range R ' of the 
a particles in the argon used in the expansion chamber as well as 
the range R in air. The measured values of R m and R yl were then 
multiplied by R/R'. It will be noted that there is no very marked 
variation in range for particles of similar velocities. It seems certain 
that the particle must change its charge during its motion through 


8 

X 10 cms per sec 



Range in mms in Air at ntp 
Fig. 08 . 

the gas, and therefore one must conclude that the change of charge 
is so frequent that the average state of each particle is much the same. 

Blackett’s results for the four kinds of recoiling atoms which he 
investigated are shown in smoothed curves in Fig. 68. From these 
curves it appears that the relative ranges of recoil atoms of hydrogen, 
helium, nitrogen and argon of the same initial velocity are as 
1-0 : 1*9 : 3-2 : 5*1 respectively. Since the energies of atoms of the 
same velocity are proportional to their masses, the average loss of 
energy per unit length of track varies as 1*0 : 2*1 : 4*5 : ' '*) for the.se 
foi r particles. Now the rate of loss of energy of a charged particle 
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in its passage through matter is to a first approximation proportional 
to the square of its charge. Hence the relative effective charges of 
the hydrogen, helium, nitrogen and argon recoil atoms are as 
1*0 : 1*5 : 2-1 : 2*8. The average charge of the recoil atom of hydrogen 
must be very nearly -f le, and therefore the above numbers re- 
present the average charge carried by the four kinds of recoil atoms. 
These results seem reasonable and are in general agreement with 
other evidence derived from experiments on the positive rays in a 
discharge tube. 

§ 59. Collisions of a particles in hydrogen. The equations describ- 
ing the collisions of a particles with hydrogen nuclei are obtained 
from the relations of § 56 by putting m = J Jf. We notice that 
m 2 — M 2 sin 2 <j> becomes negative when <f> > 14° 29'. Thus no a par- 
ticles are deflected through angles greater than this. At smaller 
angles there are scattered a particles of two types corresponding to 
two different values of 6 and determined by the two signs of the 
ambiguity in (3). Consequently at any angle less than 14° 29' there 
will occur three types of particles — slow a particles, fast a particles, 
and H particles. At a greater angle than this only H particles will 
be found. It is therefore simpler to describe the collisions in terms 
of the projected H particles rather than of the scattered a particles. 
The number of H particles projected within an angle B will be 

1 e 2 K 2 

Qntfi 2 tan 2 6 = Qnt . y 4 . . 25 tan 2 0, 

and the number observed within a solid angle w in a direction 6 
will be 

Qntw . y t . . 25 sec 3 9. 

The velocity of the H particle projected at angle 6 is given by 

u — ? V cos B. 

Jn all but the most distant collisions the velocity imparted to the 
hydrogen atom is so great that the moving particle must be the free 
hydrogen nucleus, or proton. The range; of the projected protons 
was calculated by Darwin, on the basis of Bohr's theory of the motion 
of electrified particles through matter. On this theory the range of 
a moving proton should be slightly less than that of an a particle of 
the same velocity. Hence, assuming that Geiger’s rule connecting 
range and velocity still applies, the range of the proton struck straight 
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on by an a particle of radium C' should be nearly 30 cm. in air or 
about 120 cm. in hydrogen. 

These projected H nuclei were first observed by Marsden*, who 
found that the passage of a particles through hydrogen gave rise to 
particles which produced scintillations on a zinc sulphide screen 
placed far beyond the range of the a particles. The range of the 
particles was more than 100 cm. in hydrogen, in agreement with 
Darwin’s calculation. The first detailed investigation of the collisions 
was made by Rutherfordf. His experimental arrangement is shown 
in Fig. 69. The source of a rays was radium (B -f C) deposited on 



the face of a disc 7). This was mounted on the slide BE , and 
enclosed in a rectangular box .4.4 which could be exhausted or tilled 
with a suitable gas. In the end E of the box was cut an opening 
which was covered by a thin silver foil of a stopping power of 6 cm. 
of air. The zinc sulphide screen was placed at F about 2 mm. from the 
window, so that further absorbing screens could be inserted between 
the window and screen. The apparatus was placed in a strong mag- 
netic field in order to bend away the /I rays, which otherwise caused 
a strong luminosity of the zinc sulphide screen. 

The observations consisted in counting the number of scintilla- 
tions produced on the screen as successive thicknesses of absorbing 
sheet were introduced into the path of the particles. In this way the 


* Marsden. Phil. Mag. 27, 824. 1914. 

| Rutherford, Phil. Mag. 37, 537, 1919. 
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distribution of the H particles with range was found. If R 0 is the 
range given to an H particle by a direct impact, the range R of a 
particle projected at an angle is given by R — R 0 cos 3 6. The results 
could therefore be readily compared with the calculations given above. 

When the vessel was exhausted of air, a few scintillations were 
always observed on the screen, when the absorptions in the path 
corresponded to less than about 28 cm. of air. These were shown to 
be due to H particles arising from hydrogen occluded partly in the 
source and partly in the absorbing screens exposed to the a particles. 
All the foils used in the path of the a particles were therefore heated 
in a vacuum furnace to get rid of occluded hydrogen as far as possible. 

When the vessel was filled with hydrogen a much larger number 
of scintillations was observed. Absorption measurements showed 
that the maximum range of the particles was about 28 cm. of air, 
measured in aluminium foil in terms of the stopping power for 
a particles. This was in good agreement with Darwin’s calculation 
of the range from a direct impact. The absorption curve was, however, 
quite different from that deduced from theory. The number of par- 
ticles with long ranges — that is, the number projected within small 
angles to the direction of the impinging a particle — was much greater 
than anticipated. 

This peculiarity was only marked when the incident a particles 
were of high velocity. By placing absorbing screens of gold of known 
stopping power over the source S, various velocities of the incident 
a particles were obtained. It was found that as the range of the 
a particle was reduced, the absorption curve of the H particles became 
more like the theoretical curve and for an a particle of 3-9 cm. range 
was in fairly good agreement. On the other hand, the number of 
H particles observed was always greater than the number to be 
expected on the theory, and the variation in number with the velocity 
of the a particle was in the opposite direction. 

In interpreting these results, Rutherford showed thrt although 
the observations suggested that the forces between the a particle 
and H nucleus varied more rapidly than on Coulomb’s Law, it was 
unlikely that any theory of purely central forces would suffice. He 
attributed the divergences to the effects of the complex structure of 
the a particle or helium nucleus. If we suppose that the a particle 
is built up in some way of four H nuclei and two electrons, we should 
expect a complicated field of force round the nucleus and rapid 
variation in magnitude, possibly also in direction, of the forces at 
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distances of the order of the diameter of the electron. This agrees 
with the observations, for in the anomalous collisions in hydrogen 
the distance between the a particle and the hydrogen nucleus was 
about 3 x 10~ 13 cm., while the accepted value of the diameter of the 
electron is 3-6 x 10~ 13 cm. Assuming for simplicity that the hydrogen 
nucleus acts as a point charge, the helium nucleus must have dimen- 
sions of about 3 to 4 x 10~ 13 cm. Rutherford suggested that a general 
agreement with the experiments could be obtained if the a particle 
behaved in these collisions as a plate of radius 3*5 x 10~ 13 cm. moving 
in the direction of its axis. 

In the above account it has been assumed that the scintillations 
observed when a particles passed through hydrogen were in fact due 
to projected H nuclei. This assumption was subjected to direct test 
by Rutherford, who measured the magnetic and electrostatic de- 
flections of the particles. Owing to the small number of H particles 
obtained under the experimental conditions and to the fact that 
particles of various velocities were necessarily present, the measure- 
ments were very difficult and great accuracy could not be 
attained. 

The magnetic deflection of a pencil of H particles was compared 
with that of the a particles of radium C under similar conditions of 
experiment. The mean value of mu^/e obtained from these deter- 
minations was 3T5 x 10 5 E.M. units, u 0 being the maximum velocity 
of the H particles arising from the impact of the a particles of 
radium C. On the collision theory w 0 — 1'bl 7 and the value oimu Q je 
if the particles were H nuclei should be 3*2 x 10 5 e.m, units. The 
agreement was therefore very satisfactory. 

The electrostatic deflection could not be measured directly, but 
the deflection in a magnetic field was compared with that due to a 
combined magnetic and electric field. In this way the electric field 
equivalent in deflecting the particles to a magnetic field was found, 
and this then gave the velocity of the H particles directly. The value 
found was n 0 = 3-12 x 10 9 cm. /see., compared with the calculated 
value 3-07 x 10® cm. /sec. Combining this result with the value found 
for mu^je above, we have ejm = 10 4 e.m. units. The agreement with 
the value of ejm for the hydrogen ion in electrolysis, ejm — 0570, is 
sufficiently close to show that the scintillations observed when a rays 
pass through hydrogen are due to hydrogen nuclei, and that, within 
the margin of experimental error, energy and momentum are con- 
served in these collisions. 
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§ 59 a. By a more direct method Chadwick and Bieler* made a very 
close study of the collisions of a particles with hydrogen nuclei, and 
determined the angular distribution of the projected H particles for 
a rays of various velocities. The arrangement was similar to that 
used by Chadwick for the scattering of a particles, the foil in Fig. 50 
being replaced by a thin sheet of paraffin wax to provide the source 
of hydrogen particles. Let the number of H particles projected 
within an angle 6 by a single a particle in passing through 1 cm. of 
hydrogen gas at n.t.p. be q — F (0). Then it is easy to show that 
the number of H particles falling per second on unit area of a zinc 
sulphide screen at S will be 

&>]. 

where Q is the number of a particles emitted per second by the 
source, r 2 is the mean value of r 2 and l is the mean value of t sec 
t being the thickness of the paraffin wax sheet expressed as the 
thickness of hydrogen gas containing the same number of atoms of 
hydrogen. 

If the paraffin wax is in the form of a circular sheet, the number 
of H particles observed on the screen is directly proportional to 
F (0 2 ). Thus the simplest method of experiment is to use circular 
sheets of different angular limits \6 lJ , etc. The observations then 
give points on the curve q = F (0) corresponding to the different 
angles 6 2 , 0 2 ', etc. This method was used for smaller angles only. 
For angles greater than 20°, annular rings of wax of suitable angular 
limits were used. Scattered a particles were prevented from reaching 
the screen by means of suitable absorbing screens. 

The results obtained in these experiments are shown in Fig. 70, 
in which q is plotted against 6 for various velocities of the a particle, 
expressed in the diagram as ranges in air. 

The observed numbers of II particles at small angles wore greatly 
in excess of those given by the theory of point charges ani Coulomb’s 
Law. On this theory the value of q for 6 = 30° and an a particle of 
range 8*2 cm. is 4-4 x 10~ 7 , and for an a particle of 2-9 cm. range it 
is 15*8 x 10~ 7 , The corresponding observed values were 4-3 x 10~ 6 
and 0-0 x 10~ 6 ; in the first case 100 times as great as the inverse 
square number, in the second not quite 4 times as great. 

There is thus a rapid approach to inverse square conditions as the 

* Chadwick and Bieler, Phil. MagA2, 923, 1921. 
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range of the a particle is reduced, that is, for large distances of 
collision. Further experiments, the results of which are not shown 
in Fig. 70, showed that with a particles of 2 cm. range the number 
and distribution of the projected H particles were in fair agreement 
with the simple theory. 

A comparison of the experimental curve B with the curve B' 
calculated on the inverse square law shows the approach to normal 



Angle of projection 6 
Fig. 70. 

collisions as the value of 0, and with it the distance of collision, 
increases. It would appear that inverse square conditions would be 
reached with a particles of fv(i cm. range at a distance of collision 
corresponding to a value of 0 of about 80°, i.e. at about 7 x 10~ 13 cm. 

These results confirmed the general conclusions reached by 
Rutherford, that within a certain distance of approach of the par- 
ticles the force between them varied much more rapidly than on 
Coulomb’s law and that no system of central forces between two 
point charges would explain the observations. A closer analysis led 
to an estimate of the dimensions of the region over which the forces 
beta den the a particle and the H nucleus became abnormal. This 


RRS 


17 




268 COLLISIONS OF a PARTICLES IN HYDROGEN 


region is not spherical, as the experiments show that for central 
collisions, i.e. small values of 6, the law of force is approximately 
the inverse square until the distance of approach between the centres 
of the two nuclei is less than about 4 x 10 -13 cm., while for oblique 
collisions of fast a particles the distance of approach must not be 
less than about 8 x 10~ 13 cm. 

At closer distances than these the force between the particles 
must vary much more rapidly than as the inverse square of the 
distance. This is indicated by the rapid increase in the number of 


6 x 10~ 13 



H particles projected within small angles as the range of the a par- 
ticle increases. 

The experimental results were compared with the collision rela- 
tions calculated by Darwin* in a consideration of certain models of 
a particles. The models which apply here are the elastic sphere and 
elastic plate. The elastic sphere may be considered to afford the 
simplest representation of a rapidly varying field of force. An 
H particle projected towards the sphere moves under Coulomb forces 
until it strikes the sphere, when it rebounds elastically. Similarly, 
the elastic plate repels the H particle with a force varying as the 
inverse square of the distance from the centre. Fig. 71, curve A , 


Darw in, Phil. Mag. 41, 486, 1921, 
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shows the variation observed experimentally in the number of 
H particles projected between 0° and 31-3° with the velocity of the 
a particle. In this figure the abscissae are values of (V 0 /V) 2 , where V 0 
is the velocity of the a particle of radium C, and the ordinates are 
values of p, which is defined in the following way. If P is the pro- 
bability of a collision of a single a particle with a single H nucleus 
resulting in the projection of the H nucleus within an angle d , the 
quantity p is given by P = 7 rp 2 ; hence p ^--Vql7rN (see p. 256), where 
N— 5-41 x 10 1<J , the number of H atoms per c.c. of hydrogen gas at n.t.p. 
Curve 8 is calculated for an elastic sphere of radius 4 x 10~ 13 cm. and 
curve P for an elastic plate of radius 8 x 10 -13 cm. At the point of 
intersection they turn into the inverse square law line B. The dimen- 
sions of the sphere and plate are so chosen as to give a deviation 
from the inverse square law in the region given by the experiments. 
The experimental curve lies midway between the curves S and P. 
Chadwick and Bieler concluded that the a particle behaves in these 
collisions like an elastic oblate spheroid of semi-axes about 8 x 1()~ 13 
cm. and 4 x 10~ 13 cm. respectively, moving in the direction of its 
minor axis, and interpreted the experiments in the following way. 
An H particle projected towards an a particle moves under the normal 
forces given by the inverse square law so long as it remains outside 
the spheroidal region of the above dimensions; if the particle pene- 
trates the surface it encounters an extremely powerful force varying 
rapidly with the distance, and the collisions become abnormal. 
Assuming that the II particle can be regarded as a point charge, then 
the deviations of experiment from the simple theory may be ascribed 
to the complex structure of the a particle. The spheroidal region of 
abnormal forces gives some idea of the u dimensions *’ of the helium 
nucleus. It may be supposed that the nucleus is normally of this 
flattened or plate-like shape or that this shape is due to deformation 
by the intense forces acting on the nucleus in the collisions. 

§ 59 b. An interesting application of the mass spectroscope to the 
measurement of the mass of the projected H particles has been made 
by Stetter*. It is well known that in Aston's mass spectroscope the 
particles are first- deflected in a strong electric field and then pass 
into a magnetic field where they are deflected in the opposite direc- 
tion. By suitable adjustment of the strengths of the electric and 

* »$ tetter, Zeit.f. Phys . 34, 158, 1925. 
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magnetic fields particles which have different velocities but the same 
value of e/rn are brought to a focus in a plane. The mass spectroscope 
thus splits up a beam of particles according to the value of e/m. 
The application of this principle to the examination of the projected 
H particles is beset with two difficulties as compared with its appli- 
cation to the positive rays of a discharge tube. The velocity of the 
H particles is about ten times greater than that of the positive rays, 
and, since the deflection of a charged particle in an electric field varies 
as the square of the velocity, very intense electric fields are required ; 
and the number of H particles available is of the order of 10 8 of 
the number of positive rays, necessitating the use of a zinc sulphide 



screen to locate the particles instead of a photographic plate. It is 
clear that the measurements cannot be carried out with the same 
accuracy as in Aston’s experiments. 

The arrangement as adopted by Stetter is shown in diagram in 
Fig. 72. The particles from the source <3 passed through a slit 
system S, consisting of six parallel slits each 0-14 mm. wide, and 
thence into the electric field between the plates E\ and E 2 . These 
were 2 mm. apart and a difference of potential of 15,000 volts could 
be applied between them, from a transformer with a rectifying 
system. The deflected beam then entered through a diaphragm /), 
which cut out the particles of extreme velocities, into the magnetic 
field N, in which they were deflected in the opposite direction. The 
plane in which the particles of different values of e/m were brought 
to a focus is shown by the dotted line in the figure; H particles were 
focussed at H and a particles at A. The zinc sulphide screen could 
not be placed in the position of this focal plane, for, owing to the 
small angle of incidence and the width of the original pencil of 
particles, the band on the screen would have been wider than the 
field of view of the microscope. The screen was therefore placed in 
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the position ZZ , at right angles to the direction of the H particles. 
The microscope M could be moved along the screen by an arrange- 
ment with vernier reading and the position of a band was found 
directly or by counting the number of scintillations observed at 
different positions. 

The apparatus was tested by using as source a preparation of 
polonium. When no fields were applied, the position of the un- 
deflected band was at 0. The deflections of the a particles under 
electric field alone, and with combined electric and magnetic fields, 
were measured and found to agree within 1 per cent, with the calcu- 
lated deflections. For the measurement of the H particles the source 
was a thin-walled glass tube filled with radon, the inner wall exposed 
to the a particles being coated with a thin layer of paraffin wax. 
The spectrum of the particles w r as a single band with a w^ell-defined 
maximum. The measurements gave for the mass of the particle a 
value 1-017 ± 0-03, w^hieh is to be compared with the mass of the 
H nucleus 1*007. 

§ 60. Collisions of a particles in helium. Further information on 
this question of the field of force in the immediate neighbourhood 
of the He nucleus has been given by a study of the collisions of 
a particles in helium made by Rutherford and Chadwick*. In these 
Cv llisions the tw r o particles are the same, and putting m = M we 
have from the energy and momentum relations 

u - V cos d , v = V cos <j>, <f> =-= In - 6. 

If the forces between the particles are given by Coulomb's law T , 
the impact parameter p is given by 

1 2 E 2 

and the closest distance of approach during the collision is 

1 2 E 2 

I>= p. jJ (1 + SOC0). 

It may be noted that this distance is less than the corresponding 
distance for collisions in hydrogen. 

If, as before, oj is the solid angle subtended by a zinc sulphide 

* Rutherford and Chadwick, Phil. Mag. 4 , 605, 1927. 
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screen placed at an angle <£, then the number of a particles scattered 
to the screen is 

1 E* 

Qtitw . j 74 . . 4 cot (f> cosec 3 </>, 

where n is the number of He atoms per c.c. and t is the length in cm. 
of the scattering path. 

The number of helium atoms set in motion in the direction (f> 
under the same conditions is 

1 E 4 

Qntco.- yi . sec 3 </>. 



The projected helium nuclei should be quite indistinguishable from 
a particles, for, neglecting the energy required to remove the elec- 
trons, the velocity of the nucleus recoiling in the direction <f) is 
V cos <£, the same as the velocity of the a particle scattered in that 
direction. The scintillations observed on the zinc sulphide screen will 
be due therefore to both sets of particles and there is no means of 
distinguishing between a scattered a particle and a projected He 
nucleus. The two types correspond, in general, to collisions of different 
kinds, for the He nuclei projected at an angle <f> are produced in the 
collisions in which the a particles are scattered through an angle 
\it — <f>. When <f> = 45° both sets arise from the same type of 
collision. 

The experimental arrangement used by Rutherford and Chadwick 
was the annular ring method, adapted for scattering in a gas, as 
shown in the diagram of Fig. 73. 
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The diaphragms A and D were graphite sheets containing circular 
holes, diaphragms B and G were graphite discs. A and B served to 
define the incident beam of a particles, an annular ring of limits l(f> x 
and ^(f> 2 from the source S , and C and D defined the scattered beam 
received by the zinc sulphide screen Z. The volume of gas which is 
effective in scattering is shown shaded in the figure. If the gas used 
is helium, the number of a particles scattered per second to unit area 
of Z is given by 

47* • yi (cosec 2 cj >l - cosec 2 <j> 2 ), 

where r is the mean distance from the source to the scattering region. 

The number of He nuclei projected per second to unit area of Z is 

Qnt E x , , 

4r 2 • yi t*®' <f>i - sec ’ '&)• 

These particles correspond to the a particles scattered between the 
angles \tt - fa and 4 tt — <f> 2 . 

On account of the impossibility of distinguishing between the 
scattered a particles and the projected He nuclei, the results are 
subject to a certain ambiguity. We shall consider first the observa- 
tions made when (f> l and <l> 2 were 4(F and 50° respectively. In this 
case the scattered a particles and the projected He nuclei are equal 
in number, and arise from the same collisions. The curve showing 
the variation in number of the particles observed for different 
velocities of the incident a particles is shown in Fig. 74. The ordinates 
represent the ratio of the observed number to the number calculated 
on inverse square forces, and the abscissae are proportional to IT 2 . 
The dotted line for ordinate unity thus represents the numbers 
calculated on the inverse square 'aw It will be noted that the ratio 
is large for the swift a particles, falls very rapidly to a value just below 
unity as the velocity of the a particle is decreased, and then rises 
again to the inverse square value. 

The results are very similar to those found for the collisions in 
hydrogen, not only in form but also in magnitude. 

In the collisions between angles of 40° and 50° the forces are given 
by Coulomb’s law when the incident a particle has a range less than 
3 cm., that is, until the distance of approach between the centres of 
the particles is less than about 3*5 x 10~ 13 cm. A comparison of 
the curve of Fig. 74 with the corresponding curve for an elastic 
sphere shows that the region of abnormal forces is not spherical but 
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has a plate-like shape. This indication is confirmed by a considera- 
tion of experiments performed at small angles of scattering. These 
again can be interpreted without ambiguity, for at small angles the 
number of projected particles is, if Coulomb’s law holds, very small 
compared with the number of scattered particles. It can therefore 



O •€ hO t-s 10 



Fig. 74. 

be assumed without serious error that, except in the collisions of 
very fast a particles, the particles observed are scattered a particles 
only. 

The experiments at small angles showed that, as the velocity of 
the a particle is reduced, the ratio of the number of scattered particles 
observed to the number calculated on inverse square forces falls, 
sometimes to as low as one- third, and then rises to roughly unity. 
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This deficiency in scattering at the small angles is the necessary 
consequence of the excess scattering produced at other angles by 
a particles of the given velocity. From the results of these experi- 
ments the distance of approach between the centres of the colliding 
particles at which inverse square numbers are finally reached is 
about 12 to 15 x 10~ 18 cm. 

Thus while for central collisions between an a particle and a 
helium nucleus the law of force remains normal until the distance 
of approach is less than about 3-5 x 10~ 13 cm., for glancing collisions 
the critical distance is about 14 x 10~ 13 cm. 

§61. Scattering of a particles by aluminium and magnesium. 

The natural development of the experiments just described to a 
study of the collisions of a particles with the elements next in atomic 
number — lithium, beryllium, etc. — might be expected to provide 
further evidence of a departure from Coulomb forces and so to help 
in the interpretation of the origin of the forces which come into 
action in close collisions. A general investigation is, unfortunately, 
attended with many difficulties arising from the chemical properties 
of the light elements, and up to the present time the only elements 
for which the scattering of a particles has been examined in any 
detail are magnesium and aluminium, which can be readily obtained 
in the form of thin foil. It will appear from the account which follows 
that the experimental data which have been obtained are neither 
very accurate nor very comprehensive. This defect is to be ascribed 
mainly to the comparatively large atomic number of aluminium 
(or magnesium). ( We have seen in the case of collisions in hydrogen 
and helium that the inverse square law of force fails to hold when 
the a particle approaches the nucleus within, roughly, 5 x 10 -13 cm. 
The closest possible distance of approach of the a particle of radium C 
to an aluminium nucleus is, on inverse square forces, 5*5 x 10~ 13 cm. 
While we may wdth reason expect to find in collisions with the 
aluminium nucleus a failure of Coulomb’s law at greater distances 
than with the helium nucleus, yet the margin is not large, and the 
distance of approach of the particles, even in close collisions, is still 
so great that the departure from inverse square scattering is small. 

A further difficulty must be mentioned. Some of the collisions 
with aluminium and magnesium nuclei result in the ejection of a 
proton from the nucleus. The fate of the a particle is not known, it 
may possibly be captured by the nucleus, but in any case such 
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collisions are anomalous, for kinetic energy is not conserved. The type 
of collision which causes a disintegration is probably a very close 
collision of a fast a partiole, but what fraction of these collisions is 
of this nature it is not possible to say definitely from our present 
knowledge. It is, however, likely to be small. The scattering of fast 
a particles through large angles by aluminium or magnesium must 
therefore be interpreted with this reservation. 

The first experiments which* are of interest in showing a departure 
from theory in the scattering of a particles by aluminium and mag- 
nesium are those of Bieler*. 

In these experiments the annular ring arrangement of scattering 
foil was again adopted. By the use of a series of diaphragms made 
so that the maximum scattering angle, <£ 2 , of one arrangement was 
the same as the minimum scattering angle, of the next, Bieler 
investigated the scattering by thin aluminium and magnesium foils 
over the whole range between the angles 18° and 100° in a series of 
four steps. 

At the large angles the ratio of the number of particles in the 
direct to that in the scattered beam was so great that it was not 
practicable to count the direct beam by the wheel and slit method. 
The number of scattered particles to be expected on the inverse 
square law' was therefore deduced, in all the experiments, from the 
scattering produced by a thin gold foil under the same conditions. 
It was assumed that, over the range of angles used, 20° to 100°, the 
scattering of gold was normal. Later experiments by Rutherford 
and Chadwick, described in § 45, have shown that this assumption 
was justified. 

Two sets of experiments were carried out. In the first the source 
of a particles was radium (B -f C), and in the second polonium, so 
that the scattering was observed for two velocities of the a particle. 
The results of the experiments on the scattering by aluminium are 
shown in Fig. 75. The curves show that the scattering at small angles 
is very close to that which would be expected on an inverse square 
law of force. As the angle of scattering increases, the ratio of the 
observed scattering to that given by inverse square forces diminishes 
rapidly for the fast a particles, more gradually for the slower a particles. 
The experiments indicate therefore a departure from the inverse 
square law of force, which increases rapidly as the distance between 
the nuclei diminishes. 

♦ Bieler, Proc. Roy. Soc. A, 106, 434, 1924. 
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These results of Bieler were confirmed and extended by Rutherford 
and Chadwick* in an examination of the scattering of a particles by 
several elements, some of the results of which have already been 
mentioned. In these experiments the scattering was examined at 
large angles only and the distance of collision was varied by using 
a particles of different velocities. Apart from the fact that it is at 
large angles of scattering that any divergence from inverse square 
forces should be expected, this method has the further advantage 
that a change in the law of force should show itself more clearly 
than when the scattering is examined at small angles. A considera- 
tion of the shape of the hyperbolic orbits shows that the deflection 



Fig. 75. 

of the a particle occurs mainly in the region near the apse of the 
orbit, and this region is the more confined the larger the angle of 
scattering. (Two series of experiments were carried out at average 
scattering angles of 135° and 90°. In both the scattering angle was 
kept fixed, while the velocity of the incident a particles was varied 
by placing sheets of mica of known stopping power in their path. 
We have seen that, if Coulomb's law of force is true, the number of 
particles scattered by a foil between fixed angles should be propor- 
tional to F 4 , where F is the velocity of the particles. Consequently, 
any change in the law of force would be immediately evident from a 
comparison of the numbers of scattered particles obtained with 
different velocities of the incident particles. In addition, the numbers 
* Rutherford and Chadwick, Phil. Mag . 50, 889, 1925. 
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to be expected on inverse square forces were deduced by measuring 
the scattering produced by a gold foil under the same conditions. 
The results of the experiments on the scattering by aluminium at 135° 
are shown in Fig. 76, where the ratio of the observed number of 
particles to the inverse square number is plotted against 1/F 2 . Since 
for a given angle of scattering the closest distance of approach of 
an a particle to the nucleus is proportional to 1/F a , the abscissae 
also represent the distances of collision, calculated on the assumption 
of inverse square forces. The dotted line gives the number of particles 



calculated from the simple theory. It is seen that for low energies of 
the incident a particles the scattering is approximately normal. As 
the energy of the particles is increased, the scattering diminishes to a 
minimum corresponding to a particles of 6 cm. range, and then rises 
sharply. 

We may compare these results with those obtained in the collisions 
*with helium which have been given in Fig. 74. The aluminium curve 
corresponds to the small portion of the helium curve which lies 
below the dotted line representing the inverse square numbers. The 
comparison suggests that if a particles of greater energy were avail- 
able the scattering by aluminium at 135° would increase perhaps to 
several times the normal amount. 

The experiments at an average angle of scattering of 90° showed 
only a diminution in scattering as the energy of the particles was 
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increased and not a subsequent rise. (Cf . Fig. 78, where the observa- 
tions are represented by the points.) The absence of the latter is 
to be attributed to the greater distance of collision due to the change 
in scattering angle, and on the whole the results confirm those 
obtained at 135°. 

In both Bieler’s experiments and those of Rutherford and Chadwick 
the departure from the calculated scattering is in one sense only, 
the scattering is always less than normal. If we consider the scat- 
tering of a particles of a given velocity, it is clear that if the scattering 
is less than normal over one range of angles it must be greater than 
normal over another range. Changes in the law of force between 
the particles will affect the angular distribution of the scattered 
particles, but the chance that a particle shall be scattered between 
0° and 180° must always be unity, whatever the law of force, pro- 
vided only that the particle cannot be captured by the nucleus*. 
Over the whole of the range examined in the above experiments the 
observed scattering is less than the inverse square scattering. This 
must be compensated by an excess of scattering in another region. 
The curve of Fig. 76 indicates that this region may be at angles 
larger than 135°. Some as yet unpublished experiments support this 
view, for they show that the scattering at 155° is several times the 
inverse square value. It is, however, difficult to say whether the 
excess in this region is sufficient to compensate the deficiency at smaller 
angles. If not, there must be either an excess of scattering at angles 
less than 20° or a sufficient number of a particles must be captured 
by the nucleus. Now it is known that protons are ejected from 
aluminium (and magnesium) by bombardment of a particles and it is 
probable that the collision which leads to the ejection of a proton also 
involves the capture of the a particle The evidence available at present 
is, however, not sufficient to give even a rough estimate of the responsi- 
bility of such captures for the observed deficiency in scattering. 

The data given by the above experiments are not sufficient to 
allow a definite estimate to be made of the size and shape of the 
region in which the forces between the aluminium (or magnesium) 
mcleus and the a particle depart from Coulomb’s law. It is, how- 
ever, of interest to observe that the dimensions of this region are not 
very different from those which were found from the collisions in 
hydrogen and in helium. The experiments show that the inverse 
square law is approximately true when the a particle does not 
* Cf. Rutherford, Proc. Phys. Soc, Lond. 39, 359, 1927. 
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approach closer to the aluminium nucleus than about 13 x 10“ 13 cm. 
and that it certainly no longer holds at a distance of roughly 6 or 
8xl0~ 13 cm. i 

§ 62. Discussion of the anomalous scattering. We have now to 
consider the suggestions which have been made to explain the con- 
clusion derived from the experiments described in the last three 
sections, that the force between an a particle and light atomic nuclei 
is not given by Coulomb’s law when the distance between them is 
very small, but varies much more rapidly with the distance. Either, 
or both, of two courses lies open; the first, to suppose that the force 
between point charges is not given by Coulomb’s law at very small 
distances; the second, to ascribe the divergence to the complex 
structure of the particles. Both courses have been followed. 

In seeking an explanation of his results, Bieler* examined the effect 
of an attractive force, varying as a higher power of the distance than 
the second, and published curves showing the distribution of scattered 
particles when the additional attractive force varied inversely as the 
cube and as the fourth power of the distance!. Comparing these curves 
with the observed distribution of a particles scattered by aluminium, 
he concluded that the assumption of an additional attractive force 
varying as the inverse fourth power of the distance would give a 
satisfactory explanation of his results. The magnitude of this addi- 
tional force was such as to balance the Coulomb force of repulsion 
at a distance of about 3-44 x 10~ 13 cm. from the centre of the 
aluminium nucleus; within this distance, which on this view may 
bt? considered as the effective radius of the nucleus, the attracting 
force would be greater than the electrostatic repulsion. Such an 
additional attractive force would diminish very rapidly with the 
distance from the nucleus and would have, for example, no noticeable 
effect upon the motions of the electrons of the atom. 

This assumption of an attractive force varying inversely as the 
fourth power of the distance, in addition to the Coulomb force, 
sterns sufficient to account also for the later results of Rutherford 
and Chadwick. No detailed comparison of calculations on this basis 

* Bieler, Pror. Camb. Phil. Hoc. 21, 6 8«, 11)23. 

t It should be noted that the theoretical curve*? published by Bieler are not 
accurate; they show an amount of scattering which is at all angles less than that given 
by Coulomb forces. Actually the defect in the scattering at large angles is compen- 
sated by an excess scattering at small angles. Since the scattering at small angles is 
relatively great, a very small percentage excess is sufficient to compensate a marked 
defect in the scattering at the large angles. 
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with their experimental results has yet been made. The calculations 
must however be closely analogous to those made by Debye and 
Hardmeier, which deal in effect with an additional attractive force 
varying as the inverse fifth power of the distance. As will be seen 
below, these give a fairly good agreement with experiment ; it seems 
probable that the assumption of an inverse fourth power force of 
suitable magnitude will also give a fair account of the anomalous 
scattering. 

Bieler’s hypothesis of an additional inverse fourth power term in 
the law of force is an assumption solely made to account for the 
anomalous scattering. If the charged particles composing the nucleus 
and a particle describe orbits, it is natural to suppose that the nucleus 
and a particle may have magnetic moments. Two magnetic doublets, 
if in the proper relative orientation, will attract each other with a 
force varying as the inverse fourth power of the distance. The possi- 
bility of explaining the assumed inverse fourth power term in this 
way was examined by Bieler, and rejected on account of the artificial 
mechanisms which had to be postulated to obtain the proper orienta- 
tion of the particles and also because large magnetic moments were 
necessary. Detailed calculations of the effects of magnetic forces in 
the scattering of a particles were made by Wessel*, and lead to the 
same conclusion. 

A more general explanation! has been given by Debye and Hard- 
meier J on the following lines. According to our present views the 
aluminium nucleus must be a complex structure of positive and 
negative charges held in equilibrium under their mutual forces. When 
the a particle approaches close to the nucleus, the powerful external 
force due to it distorts the arrangement of the charges and the 
nucleus becomes polarised. The case is analogous to the polarisation 
of an atom or molecule by the approach of a charged particle. As in 
that case, it is assumed that the electric moment of the nucleus due 
to the displacement of the charges is proportional to the external 
force. 

If P be the electric moment of the nucleus, we have 


* Wessel, Ann. d. Phys. 78, 757, 1925. 

t The first suggestion of this explanation was given by Pettersson, Wien. Ber . 
188, 510, 1924. 

i Debye and Hardmeier, Phys. Zeii. 27, 196, 1926. 
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where r is the distance between nucleus and a particle, and a is the 
moment acquired by the nucleus in a field of unit strength. Since 
the force due to a dipole of moment P at a point on its axis is 2 P/r 3 , 
the total force on the a particle will be 




ZeE 0 E* 
r6 


Thus the polarisation of the nucleus gives rise to an attractive 
force on the a particle, which varies inversely as the fifth power of 
the distance. By giving a suitable value to a , Debye and Hardmeier, 
and later Hardmeier* in greater detail, were able to show that this 



Fig. 77. 

hypothesis would account very fairly for the experimental results. 
The value of a was roughly 0-4 x 10~ 38 cm. 3 for both aluminium and 
magnesium, that is, of the order of magnitude of the volume of the 
nucleus. According to Debye this may be taken to mean that the 
charged particles of which the nucleus is composed are hold together 
by Coulomb forces. 

The curves of Figs. 77 and 78 show the calculated scattering at 
angles of 135° and 90° respectively on this hypothesis, while the 
circles represent the observations of Rutherford and Chadwick. The 
agreement is good for the collisions of slow a particles, but there is 
a discrepancy in the case of the fast a particles which is particularly 
marked in the scattering at 90°. A similar result holds for the com- 

• Hardmeier, Phys. Zeit. 27, 574, 1926; 28, 181, 1927. 
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parison between Bieler’s results and the scattering calculated on this 
hypothesis ; the theoretical curve agrees very well with the observa- 
tions made with slow a particles, but for the faster particles gives 
values which are higher than are found. On the whole, the agree- 
ment is satisfactory and it seems possible to ascribe the anomalous 
scattering to the polarisation of the nucleus in the electric field of the 
a particle. 

The divergences between the calculations on this hypothesis and 
the experimental results may be partly due to the difficulties of the 
experiments, for these cannot be carried out under sufficiently de- 
fined conditions, and partly to the assumptions which have been 



Fig. 78. 


made implicitly in the calculations, that the forces are central and 
that the a particle behaves as a point charge. The distances of 
approach in these collisions are so small that the structure of the 
nucleus, which may not be symmetrical, may be of importance, and 
the forces due to polarisation may not vary as some simple power of 
the distance. The a particle must also be considered to be a complex 
structure and must therefore acquire an electric moment, though 
perhaps a very small one, in the strong field of the aluminium nucleus. 

Further, it has been assumed that the polarisation of the nucleus 
at any instant is proportional to the field due to the a particle at 
that instant. Owing to the inertia of the charged particles in the 
nuc leus the polarisation will lag behind the field, and in consequence 
the additional term to the Coulomb force which arises from the 

RRS 1 8 
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polarisation will be, according to Kuhn*, proportional to r ~ 3 over a 
portion of the orbit of the a particle. 

Such considerations as these are however to be regarded as approxi- 
mations which will not change the general agreement between the 
experiments and the deductions from the hypothesis of the polarisa- 
tion of the nucleus. 

It appears then that the hypothesis of the polarisation of the 
nucleus is able to account for the divergences from Coulomb’s law 
which have so far been observed in the collisions of a particles with 
aluminium and magnesium nuclei. There can be little doubt that 
Bieler’s assumption of an attractive force varying inversely as the 
fourth power of the distance would also give a satisfactory explana- 
tion of the scattering results, but so long as the polarisation hypo- 
thesis is not inconsistent with our ideas of nuclear structure it may 
be preferable to adopt this rather than to assume the existence of a 
new type of force. 

On the other hand, it does not seem possible to explain the collisions 
with hydrogen or helium nuclei in the same way. One of the most 
striking characteristics of the collisions with hydrogen and helium 
is that the departure from inverse square forces occurs at a much 
greater distance for glancing collisions of the particles than for 
central collisions. In helium, for example, the glancing collisions 
depart from the simple theory when the distance between the 
centres of the particles is about 14 x 10~ 13 cm. At this distance 
the Coulomb forces are relatively small and any polarisation of the 
nuclei must correspondingly have a negligible effect. It is of no 
avail to assume a particular structure of the a particle, such as will 
give an asymmetrical field, if the inverse square law of force is 
retained, for this cannot provide forces of the necessary magnitude. 
A similar conclusion is arrived at by Hardmeierf , who has made 
recently a calculation of the effects of polarisation in the case of 
collisions in helium resulting in a deflection of 45°. He found that it 
was possible in this way to explain only the small initial fall below 
inverse square scattering of the experimental curve of Fig. 72, and 
that other causes must be sought to account for the very large and 
rapid rise at shorter distances of collision. Assuming that the polarisa- 
tion forces are indeed responsible for the departure at large distances, 
he deduced that the polarisability a of the helium nucleus is about 

* Kuhn, Zeit.f. Phya . 44 , 32, 1927. 

t Hardmeier, Helvetica Phya. Acta, 1, 193, 1928. 
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1*6 x 10~ 89 cm. 8 . This is extremely small compared with that found 
above for the aluminium nucleus, viz. 400 x 10- 89 cm. 8 , and it points 
to the conclusion that the forces which hold the helium nucleus 
together are much stronger than the inverse square forces. 

Whatever may be the origin of these forces, it seems necessary to 
assume some plate-like “shape” for the region around the a particle 
in which they act. The experiments on the collisions of a particles 
in hydrogen suggested, regarding the H nucleus as a point charge, 
that the abnormal forces come into action over a spheroidal surface 
of semi-axes 8 x 10~ 13 cm. and 4 x 10~ 13 cm., the short axis being 
in the line of motion of the a particle. We should expect to find from 
the collisions in helium that the forces become abnormal over a region 
of about twice these dimensions. We have seen, however, that while 
for glancing collisions the critical distance is about 14 x 10" 13 cm., 
for central collisions it is about 3*5 x 10~ 13 cm., actually rather less 
than the corresponding distance for collisions in hydrogen. If we 
suppose that the effects of distortion are small in these collisions, we 
may bring the hydrogen and helium results into agreement by assuming 
that the forces are also abnormal around the H nucleus or proton. In 
previous sections we have used a rough mechanical model, analogous to 
the model of a molecule used in the early kinetic theory of gases, in which 
the unknown forces around the a particle were likened to elastic forces. 
Interpreting the results in this way, we may say that the proton behaves 
like an elastic sphere of radius 2 x 10~ 13 cm., and the a particle like 
an oblate spheroid of semi-axes 7 x 10~ 13 cm. and 2 x 10~ 13 cm., the 
short axis being in the line of motion of the a particle. 

In the interpretation of these collisions it has been assumed that 
the a particle has a definite orientation. No adequate proof of this 
assumption has been obtained, but it is strongly suggested by the 
experiments both in hydrogen and in helium. From the experiments 
in helium, indeed, it seems almost necessary to assume further that 
the helium nucleus does not present all possible orientations in the 
collisions, and to suppose that the abnormal forces also provide a turn- 
ing couple controlling the relative orientations of the colliding nuclei. 

We have seen that it seems impossible to account for the presence 
of strong forces over such an extensive region around the a particle 
solely on the basis of Coulomb forces, even when modified by the 
effects of polarisation. 

It is natural, before postulating the existence of a force of a new 
type, to examine the possibility that the abnormal forces may be 
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of magnetic origin. The hypothesis of magnetic forces might help to 
explain in a general way many of the phenomena observed in the 
collisions of an a particle with hydrogen and helium nuclei, such as 
the rapid variation in scattering with the velocity of the a particle 
and the apparent orientations of the particles during the collision. 
It has been assumed in recent years that the electron has a magnetic 
moment of one Bohr magneton, and it was suggested by Frenkel* 
that the proton also may have a magnetic moment, of magnitude 
1/1800 of a Bohr magneton. Experimental evidence in favour of this 
suggestion that the proton possesses a spin is afforded by the work of 
Dennisonf on the specific heat of the hydrogen molecule, based on 
Hund’s investigations of the band spectra of hydrogen. On the other 
hand, there is very strong evidence that the a particle has not merely 
a small magnetic moment but has none at all. This evidence is based 
on the fact that in the band spectrum of helium every alternate line is 
missing; this is interpreted to mean that no vector quantity, however 
small in magnitude, can be associated with the helium nucleus J. The 
helium nucleus can therefore possess no spin and no magnetic 
moment. It is perhaps still possible to suppose that the slight dis- 
tortion of the a particle produced in the collision causes it to acquire 
an appreciable magnetic moment ; the alternative is to assume the 
existence of a hitherto unknown, though not altogether unsuspected, 
force in the immediate neighbourhood of the a particle §. 

In the above examination and interpretation of the results of 
experiments on the collisions of a particles with atomic nuclei we 
have assumed that the laws of classical mechanics are valid. It is 
well known that the failure of classical mechanics in molecular events 
occurs when the wave-length associated with the particles is not 
small compared with molecular dimensions. Now the wave-length 
associated with the a particle is about 10~ 13 cm. and the distances 
of collision are only a few times greater. One may with reason inquire 
whether the classical mechanics is adequate to deal witn these very 
close collisions and whether we should not rather adopt the methods 
of the new wave mechanics. Tins question has been examined by 
Wentzel||, Oppenheimer^J, and most closely by Mott**, who has show n 

* Frenkel, Zeit.f. Pkys. 37, 243, 1920. f Dennison, Proc. Roy. Soc. A, 114, 483, 1927. 

J Cf. Solray Report, “Electrons et Photons,” p. 271, 1928. 

§ See Mott, Proc. Bey . Soc. A, 126, 259, 1930; Chadwick, Proc. Roy. Soc . A, 128, 
1 14, 1930. It is now clear that the a particle has a perfect ly spherical field of force and 
that the “ shape ” deduced from the collision experiments is due to the distortion of 
the particle in the collision. \\ Wentzel, Zeit.f. Phys. 40, 690, 1926. 

Oppcnheimer, Zeit.f. Phys AS, 413, 1927. ■ Mott, Proc. Boy. Soc. A, 118, 542, 1928. 
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that the scattering of particles by a Coulomb centre of force follows 
the same laws on the new mechanics as on the classical theory, 
whatever the velocity of the incident particles. It might still arise 
that the anomalous scattering observed in the experiments is a 
consequence of a central fi^ld of force, not that of the inverse square, 
combined with the wave mechanics. Certain criteria have been given 
by Schrodinger and de Broglie for the conditions under which marked 
diffraction patterns may be expected to appear in the collisions of 
particles. These criteria have been interpreted by Blackett* in terms 
of collision relations founded on classical mechanics; they are, how- 
ever, not precisely defined, and until some scattering phenomena 
have been completely explained in this way, so as to furnish com- 
parative data, it is difficult to suggest where diffraction patterns may 
be expected to appear in collisions of a particles with atomic nuclei f. 

It may, however, be mentioned here that one very important appli- 
cation of the new mechanics in the interaction of a nucleus and an 
a particle has been made by Gamow and by Gurney and Condon to 
explain the emission of a particles from radioactive nuclei and later, 
by Gamow, to estimate the probability of disintegration of nuclei. 
This application will be discussed in §§72 and 77 a. 


§ 63. The potential of an a particle in the nuclear field. If the 

abnormal forces around the helium nucleus extend over such dis- 
tances as the experimental evidence suggests, it is possible that the 
marked divergences from Coulomb forces observed in the collisions 
of a particles with the aluminium nucleus may be due partly to a 
real departure from the Coulomb law of force as well as to the effects 
of polarisation. For the purpose of obtaining a general picture of 
the forces acting between an a particle and the nucleus of a light atom 
it is sufficient to suppose only that in addition to the Coulomb force 
of repulsion there is also a force of attraction which varies inversely 
as a high power of the distance, without making any additional hypo- 
t hesis about the nature or origin of this force. 

The potential energy of an a particle at a distance r from the centre 
of the nucleus will then be 


V(r) = 


2Ze* 

r 


a 

r"’ 


* Blackett, Proc. Carnb. Phil. Soc . 23, 698, 1927. 

t Attempts to apply quantum mechanics to the scattering of a particles by alu- 
minium and magnesium have been made by Banerji, Phil. Mag. 9, 273, 1930; Sexl, 
Natumw. 18, 247, 1930; and Massey, Proc. Boy. Soc. A, 127, 671, 1930. 
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where a is some constant which fixes the magnitude of the attractive 
force, and where n = 3 or n — 4 will agree with experiment. The 
potential energy of the a particle will be a maximum at a distance 
r 0 given by 

»-i/ na 
r ° = V 2Ze 2 ’ 


and the value of the maximurfi potential will be 

r 0 \ n> 

An estimate of the values of r 0 and V ( r 0 ) is provided by the 
scattering experiments. Thus Bieler, assuming n — 3, obtained a fair 



agreement between his observations with aluminium and the calcu- 
lated scattering when r 0 was put equal to 3*44 x 10~ 18 cm. If n « 4, 

as is the ease when the attractive field is due to polarisation, then 
Hardmeier’s calculations lead to a value of r 0 of about 4 x 10 -u cm. 
Both assumptions lead to nearly the same value for the maximum 

potential, about 7*4 x 10* electron-volts. 

Although the maximum potential energy of an a particle in the 
field around the aluminium nucleus is on this view less than the 
kinetic energy of the a particle of radium C, yet on account of the 
motion of the nucleus during the collision the closest possible dis- 
tance of approach of this a particle is about 4-6 x 10 _l * cm. 

The paths of a particles of velocity rather higher than those of 
thorium C' in such a potential field may be represented by the curves 
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of Fig. 80, given by Hardmeier* for the case n = 4. The curves show 
the orbits corresponding to different impact parameters. If the 
impact parameter is large, the orbit of the particle will be practically 
the same as in a Coulomb field of force. As the impact parameter 
decreases the angle of scattering will increase, but not so rapidly as 
in a Coulomb field, that is, to attain the same angle of scattering the 
particle must have a smaller p ; there will therefore be more particles 
scattered through the smaller angles and fewer through the greater 
angles. As p decreases, the attractive force tends more and more to 
compensate the repulsive force and the angle of scattering may 
decrease instead of increasing ; in this region the amount of scattering 
may be greater than on the inverse square force. There will thus be 
a maximum angle of scattering under these conditions. For a narrow 


range of values of p the particle may describe orbits which loop 
round the nucleus and may be in eject scattered at random. Finally, 
for values of p smaller than a certain limiting value for which the 
orbit is shown by the dotted curve, the particle will penetrate into 
the region within the critical distance r 0 in which the resultant force 

is one of attraction. It is to be supposed that such particles are 
either re*ejected in all directions or are captured by the nucleus, and 
such cases of capture are perhaps responsible for the disintegration 

of certain nuclei under the bombardment of a particles. 

The distribution of the scattered particles with angle compared 
with that on a pure Coulomb field will be as follows: the scattering 
’/ill rise slightly above the normal amount at small angles and then 
fall below it as the angle increases, afterwards rising rapidly in the 
* Hardmeier, Phys. Zeii. 28, 181, 1927. 
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neighbourhood of the maximum angle of deflection ; at angles greater 
than this there will be present only those particles which are just not 
captured and describe looped orbits round the nucleus before escaping 
in random directions. 

This view of the potential field between an aluminium nucleus and 
an a particle may be extended to other light elements. For a rough 
approximation we may suppose that the volume of a nucleus is 
proportional to its weight A and we may write for the value of r 0 , 
the distance at which the potential energy of the a particle is a 

maximum, r „ = ca. 1-2 x 10-“. ,4*. 

On this view the scattering of the a particles of radium C' by the 
nitrogen nucleus will be very similar to the scattering of the faster 
a particles by the aluminium nucleus which has been described 
above, and in particular there will be the possibility of a capture of 
an a particle of radium C' by the nitrogen nucleus. 

Evidence of the capture of an a particle by the nucleus of the 
nitrogen atom has been obtained by Blackett 5 *', when photographing 
the tracks of a particles in an expansion chamber. The result of the 
capture was the disintegration of the nitrogen nucleus. These experi- 
ments are described in § 71. The expansion chamber provides perhaps 
the only means of investigating such an occurrence as the capture 
of an a particle by an atomic nucleus. The argument, which has 
sometimes been advanced, that a defect in the scattering below 
the amount anticipated on inverse square forces indicates a capture 
of the a particle, can only be upheld if the scattering of a given 

particle is observed over the whole range of scattering angles, for a 
defect over a certain range of angles may be compensated by an excess 
over another ; if the excess occurs at small angles, where the scattering 

is relatively very large, a very small increase above the normal 

scattering, of such an amount as to be difficult to detect experimen- 
tally, will be sufficient to compensate a large defect at the greater 

angles. 

While this picture of the potential field between an a particle and 

a nucleus is able to reproduce the salient points of the scattering 

experiments, it must be remembered that the evidence for it is by no 
means complete, and that the assumptions which have been made 
may not hold even approximately for very close distances of approach. 

* Blackett, Proc. Boy. Soc. A, 107, 349, 1925. 
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THE ARTIFICIAL DISINTEGRATION OF 
THE LIGHT ELEMENTS 

§ 64. The idea of the artificial disintegration or transmutation of an 
element is one which has persisted since the Middle Ages. In the 
times of the alchemists the search for the “philosophers stone/’ by 
the help of which one form of matter could be converted into another, 
was pursued with confidence and hope under the direct patronage 
of rulers and princes, who expected in this way to restore their 
finances and to repay the debts of the state. In spite of this en- 
couragement the successful transmutation of some common matter 
into gold was but seldom reported. Even in these cases the trans- 
mutation could not be repeated ; either the alchemist had vanished 
or his supply of the “philosopher’s stone” had been exhausted. The 
failures were many and the natural disappointment of the patron 
usually vented itself on the person of the alchemist ; the search some- 
times ended on a gibbet gilt with tinsel. But when the confidence of 
the patrons departed the hope of the alchemists still remained, for 
the idea of transmutation not only accorded with the desires of the 
man but was founded on the conceptions of the philosopher. Ac- 
cording to Aristotle all bodies are formed from a fundamental sub- 
stance, “ pi imordial matter,” and the four elements — water, earth, air, 
and fire — differed from each other only bv possession of different 

combinations of the properties of cold, wet, warm, and dry. By 
changing the properties one element should be changed into another. 
On this view, it was almost self-evident that bodies so closely allied 
as the metals could interchange their qualities. The experimental 
evidence was never more than meagre, and consisted mainly of such 
facts as that a trace of arsenic mixed with copper changed its red 

colour to grey white. This was a first step towards the conversion of 
the copper into silver. Perhaps the most convincing evidence was 
that provided by an experiment in which a vessel of iron was changed 

into one of copper. This experiment consisted in immersing an iron 
vessel for several hours in certain natural springs. When removed 
the shape of the vessel was the same but the iron had changed into 
cooper. The water of the spring contained traces of a copper salt, 
in an amount which could not be detected by the methods of those 
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times, and when the vessel was immersed in this solution metallic 
copper was deposited on the surface of the iron, the less noble metal. 
This experiment is often quoted in alchemistical treatises. 

With the development of experimental science and the growth of 
modem chemistry the authority of Aristotle was broken and the 
methods of the alchemist fell into disrepute. The idea of a primordial 
matter and the hope of a transmutation of the elements was, how- 
ever, never completely abandoned. While Mendelejev himself was 
violently convinced of the independent nature and stability of the 
chemical elements, yet to some the discovery of the periodic system 
and the harmonious order of the elements suggested a common bond 
and relationship and revived the belief in transmutation. Faraday 
said: “To decompose the metals, to re-form them, and to realize the 
once absurd notion of transmutation — these are the problems now 
given to the chemist for solution.” The weapons at the disposal of 
the chemist were however not sufficiently powerful to overcome the 
forces holding the atoms together, and it seemed for some time that 
the transmutation of elements was a theoretical possibility rather 
than a practical one. 

The evidence provided by the radioactive elements of the spon- 
taneous disintegration of atoms led naturally to renewed speculation 
and experiment concerning the disintegration of the ordinary inactive 
elements. Although the physical and chemical forces available in 
the laboratory were unable to influence the rate of transformation 
of the radioactive atoms, these themselves provided, in their radia- 
tions, new and energetic weapons of attack. It was thought that 
the radiations must occasionally penetrate very deeply into the 
structure of the atoms in their path, and it seemed possible that in 
some cases a disintegration of the atom might occur. At the same 
time it was generally realised that such cases of disintegration must 
be comparatively rare. Of the three types of radiation from the 

radioactive bodies the a particle was likely to be the most effective 
in promoting disintegration, owing to its enormous energy and 

momentum, corresponding to that of helium atoms at a temperature 

of 6 x 10 1# degrees. 

This question of the artificial disintegration of the ordinary chemical 
elements was attacked by numerous investigators. Perhaps the best- 
known of the early experiments are those of Cameron and Ramsay in 
1907. Their method was to add radon to the substance to be examined, 
thus exposing it to the action of the a particles from radon, radium A, 
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and radium C, and to test chemically for the products of disintegra- 
tion. They announced some positive results, as, for example, that 
water treated in this way produced small quantities of neon and argon, 
and that copper produced traces of lithium. These experiments, 
however, did not stand the test of more rigorous examination, and 
it is clear that their results, and those announced later by Ramsay 
and Usher, were due not to the disintegration of matter exposed to 
the bombardment of a particles, but to the liberation of chemical 
elements already present as such in the substances examined. 

The first successful experiment of this kind was carried out by 
Rutherford in 1919*. The method of experiment was extremely 



simple and at the same time very sensitive. The apparatus was the 

same as that used in his experiments on hydrogen collisions, and is 
shown again in Fig. 81. The a particles emitted by the source D of 
radium active deposit were absorbed in the gas used to fill the box. 
The opening S in the face of the box was covered with a sheet of 
silver and outside this opening was placed a zinc sulphide screen. 

When the gas through which the a particles passed was nitrogen, 

cintillations were observed on the screen even when the absorbing 

matter between the source and the screen had an air equivalent much 
greater than that which corresponded to the range of the a particles. 

When the nitrogon was replaced by oxygen or carbon dioxide these 
scintiUations were not observed. Rutherford concluded therefore that 


* Rutherford, Phil. Mag. 37, S81, 1919. 
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the scintillations were due to particles ejected with great speed from 
the nitrogen nucleus by the impact of an a particle. The particles 
had approximately the same range as the protons set in motion when 
the a particles were sent through hydrogen, that is, about 28 cm. in 
air. He was able to show that the particles could not be due to any 
appreciable extent to hydrogen impurity in the nitrogen used in the 
experiment. Rough measurements of the magnetic deflection of the 
particles suggested that they were hydrogen nuclei or protons. 

These experiments provided the first evidence of the artificial dis- 
integration of elements. The instrument of disintegration was the 
a particle emitted by radium C, and the result of the disintegration 
of the nitrogen nucleus was the emission of a swiftly moving proton 
or hydrogen nucleus. The probability of disintegration is very small. 
The amount of hydrogen produced when any available quantities of 
radioactive material are used is far beyond the limits of detection by 
chemical methods. Rutherford estimated from his results that about 

one a particle in every million passed through the nitrogen gave rise 
to a proton. This indicates that only a very close or a very favourable 
collision between the « particle and the nitrogen nucleus results in 
a disintegration. 

§ 65. General review of experiments on artificial disintegration. 

A few years after this discovery the subject was re-opened by 
Rutherford and Chadwick* and one of the main difficulties in the 
way of a general examination of the elements was removed. A closer 

study of the disintegration of nitrogen with improved methods of 
observing scintillations showed that the protons ejected from nitrogen 

had a much greater maximum range than the protons set in motion 

in hydrogen under similar conditions. For example, when the a rays 
of radium C of range 7 cm. in air were passed through hydrogen, 

no H particles could be detected when the total absorption in the 

path of the particles was equivalent to more than Z9 cm. of air. 
When these a rays passed through nitrogen, however, particles were 

observed which had ranges greater than this, up to a maximum of 

40 cm. of air. This observation showed at once that the H particles 

observed with nitrogen could not possibly be due to the presence of 
free hydrogen or hydrogen in combination as a chemical impurity, 
and it opened a safe and certain way to the examination of other 
elements for artificial disintegration. The element under test was 
* Rutherford and Chadwick, Phil . Mag. 42, 809, 1921 ; 44, 417, 1922. 
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bombarded by the a particles from radium (B + C), and scintillations 
were looked for at absorptions greater than 32 cm. of air, that is, 
beyond the range of any protons due to the presence of hydrogen, 
whether free or in combination, in the material exposed to the a rays. 
In this way, unmistakable evidence was obtained of the disintegration 
of six elements, viz. boron, nitrogen, fluorine, sodium, aluminium, 
and phosphorus. Many other elements were examined, but no certain 
evidence of a disintegration resulting ifi the expulsion of protons of 
long range was found. It was, of course, possible that in some 
elements the maximum range of the liberated proton might be less 
than 32 cm. in air. The investigation for particles of shorter range 
than this led to no conclusive result. It was found that some protons 
were always present under such conditions, whatever the material 
examined. Some of these were emitted from the source of a particles 
(of. § 59), and some were due to hydrogen impurity in the sub- 
stances exposed to bombardment of the a particles. The examination 
at small absorptions was further complicated bv the presence of 
long range a particles from the source of radium C (cf. § 20) which 
are emitted in such numbers as to interfere seriously with the 
detection of the small number of particles to be expected from dis- 
integration of the material under examination. 

These experiments had, however, shown that the protons liberated 
i.n disintegration were emitted in all directions, it was therefore 
legitimate to search for particles ejected from the bombarded material 
in a direction at right angles to the direction of the incident a par- 
ticles. This method had the advantage that hydrogen impurity in 

the material no longer affected the results and that the number of 
long range a particles scattered at !)0° was so small as to be negligible. 
The search for particles of disintegration could thus be pursued with 

safety down to an absorption corresponding to 7 cm. of air, the range 

of the a particles from the source of radium (B 4- C), and with special 
precautions to even smaller absorptions in the case of the lighter 

elements. This method was adopted at the same time by Kirsch and 

Pettersson in their experiments on artificial disintegration. 

In this way Rutherford and Chadwick* found evidence of the 

disintegration of all elements from boron to potassium, with the 

two exceptions of carbon and oxygen. No certain evidence of the 
disintegration of lithium , beryllium , or the elements beyond potassium 

' Rutherford and Chadwick, Nature, 113, 457, 1924; Proc. Phys. Soc. Lond . 36, 
417, 1924. 
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was obtained. In all cases the product of the disintegration was a 
swiftly moving proton or H nucleus. No evidence of the liberation 
of particles of other types was obtained. 

Parallel with the later experiments of Rutherford and Chadwick 
progressed the investigations of Kirsch and Pettersson and their 
colleagues in Vienna. These workers have carried out a large number 
of experiments on the artificial disintegration of elements and points 
connected therewith. Their results are in most cases very different 
from those obtained by Rutherford and Chadwick. Put shortly, the 
main point of difference is that the Vienna results indicate that the 
disintegration of an element is a much more frequent occurrence 
than would appear from the Cambridge results. Kirsch and Pettersson 
find that nearly every element can be disintegrated by bombardment 
with a particles and that the chance of disintegration is much greater 
than is suggested by Rutherford and Chadwick’s experiments*. 

It seems difficult to put forward any satisfactory explanation of 
these and other divergences between the two series of investigations, 
and this is not the place to attempt it. Many of the doubtful points 
would be most clearly decided by attacking the problem in a different 
way, by obtaining photographs of the disintegration in a Wilson ex- 
pansion chamber. The first step in this direction has already been 
taken and pictures of the disintegration of nitrogen have been ob- 
tained by Blackett and by Harkins and his co-workers. These experi- 
ments will be discussed later (§71). It would also be of advantage to 
repeat the experiments using, instead of the scintillation method, an 
electrical method of detecting the particles of disintegration. Investi- 
gations of this kind have been begun by Bothe and Franzf, and some 
results have been published. 

In this account of artificial disintegration we shall, in order to avoid 
fruitless discussion, refer only to the experiments carried out in the 
Cavendish Laboratory and we shall deal as far as possible with those 

points on which there is little conflict of opinion. For the full state- 
ment of the Vienna observations the reader is directed to the original 
papers of Kirsch and Pettersson and to their book Atomzertriim- 

merungl . 

* A discussion of some of the points at issue has been given by Chadwick, Phil . 
Mag. 2, 1066, 1926, and by Kirsch, Pettersson, and others, Ztit.f. Phy*A2 t 641, 1927. 

t Bothe and Fr&nz, Zeit. f. Phys. 43, 456, 1927; 49, I, 1928. 

X Kirsch and Pettersson, AtomzertrUmmerung , Akademische Verlagsgese llsc haft 
m.b.H., Leipzig, 1926. 
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§ 66. Disintegration of nitrogen and other elements. The experi- 
mental arrangement used by Rutherford and Chadwick is shown in 
Fig. 82. The face of the brass tube T was provided with a hole 
5 mm. in diameter, which was closed by a silver foil of 6 cm. air 
equivalent. The source R of a particles was a disc coated with radium 
(B + C). The zinc sulphide screen S was fixed to the face of the tube 
so as to leave a slot in which absorbing screens could be inserted. 

When a stream of dry air was passed through the apparatus 
scintillations were observed on the zinc sulphide screen. The number 
of these was counted for different thicknesses of mica inserted in the 
path of the particles. The result of such an experiment is shown in 
curve A, Fig. 83. The ordinates represent the number of scintilla- 
tions observed per minute per milligram of activity of radium C, and 



the absciss, e give the air equivalent of the absorbing screens. It is 
seen that scintillations were observed up to an absorption corre- 
sponding to 40 cm. of air. When the air in the apparatus was displaced 
by a mixture of C0 a and H 2 which had the same stopping power for 
« rays as air, the results shown in curve B were obtained. At small 
absorptions the number of particles from this mixture was very 
much greater than the number of particles from nitrogen, but no 
particles were observed at absorptions greater than 29 cm. of air. 

The particles observed with nitrogen at absorptions greater than this 

could therefore not arise from any hydrogen impurity in the gas or 
in the materials exposed to the impact of the a particles. They must 

be ascribed to the disintegration of the nitrogen nucleus. 

When dry oxygpn was passed through the tube only a few scintilla- 
tion8 were observed and none were found at absorptions greater than 
29 om. of air (curve C). There was thus no evidence of a disintegration 
of the oxygen nucleus. The scintillations observed in this case were 
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ascribed to slight hydrogen impurities in the surfaces exposed to the 
a rays and to the “ natural H particles’’ from the active source. 

The effects observed when a thin foil of aluminium was placed 
over the source (the air in the apparatus being displaced by oxygen) 
are shown in curve D. It is seen that particles are liberated from 
aluminium and that some are able to penetrate relatively large thick- 
nesses of matter, up to an absorption equivalent to about 90 cm. 
of air. 



Range in Equivalent cms . of air 
Fig. 83. 


In this simple way many elements were exposed to the bombard- 
ment of a particles and tested for disintegration. The element to be 

examined was placed immediately in front of the source li. When 

possible thin foils of the element were used. In some cases the 

material was in the form of powder, generally an oxide; a film of 
such material was prepared by dusting the powder on to a thin gold 
foil smeared with alcohol. A stream of dry oxygen was passed 

through the apparatus and a search was made for the liberation of 
particles with ranges greater than 32 cm. of air. It is clear that such 

particles could not arise from hydrogen contamination but must be 
ascribed to disintegration of the atoms of the element exposed to 
the impact of the a particles. It was shown in these first experiments 
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that v in addition to nitrogen and aluminium, the elements boron, 
fluorine, sodium, and phosphorus were also disintegrated. The maxi- 
mum ranges of the H particles liberated in the disintegration were 
in each case greater than 40 cm. of air. 

§ 66 a. Experiments by the right angle method. It was observed in 
the course of the above experiments that the H particles were liberated 
from aluminium not only in the same direction as the motion of the 



Fig. 84. 


beam of a particles but also in the opposite direction, and later 

experiments showed that this held also for other cases of disin* 

taxation. It appeared that the H particles were emitted roughly 
equally in all directions relative to the incident a rays. This observa- 
tion led to an extension of the experiments to much smaller absorp- 
tions than could be used in the above method. 

The beam of a rays from the source C (Fig. 84) fell on the material 
to be examined placed at F and the liberated particles were observed 
on the zinc sulphide screen 0, placed at an angle of 90° or more to 

>9 


nits 
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the direction of the incident a particles. The source and the material 
under examination were contained in an evacuated brass box. The 
zinc sulphide screen was outside the box, opposite a window covered 
with a sheet of mica of 7 cm. air equivalent. In this arrangement 
any scintillations observed on the screen could be due only to particles 
ejected in the disintegration of the bombarded atoms. The presence 
of hydrogen had no effect and the number of long range a particles 
scattered through 90° was too small to disturb the observations. In 
this way it was found that neon, magnesium, silicon, sulphur, chlorine, 
argon, and potassium were disintegrated. No certain evidence was 
obtained of the disintegration of helium, lithium, beryllium, carbon, 
or oxygen, or of any of the elements of greater atomic number 
than potassium. Some of the lighter elements, such as lithium, were 
examined for the emission of particles of shorter range than 7 cm. 
This was possible owing to the loss of energy suffered by an 
a particle when scattered by a light nucleus through a large 
angle (compare § 57). No effect was observed which could be 
ascribed to the disintegration of either lithium, beryllium, carbon, 
or oxygen. Further, no evidence was obtained of the emission of 
particles of short range from disintegrable elements such as nitrogen, 
aluminium, etc. 

The results obtained in the above series of experiments may be 
summarised as follows. All the light elements up to and including 
potassium can be disintegrated by bombardment with a particles 
with the exceptions of hydrogen, helium, lithium, beryllium, carbon, 

and oxygen. In the disintegration particles, presumably protons, are 

emitted with considerable speeds. In some cases, at least, these 
protons are emitted in all directions relative to the direction of the 

incident a particle. 

§ 67. The magnetic deflection of the particles. The number of the 

particles emitted in these disintegrations is too small to permit a 

determination of the ratio of the charge to the mass by the usual 
methods. An approximate estimate of the deflection of the particles 

in & magnetic field has been obtained by the following method, 

similar in principle to that described in § 20. 

The source of a rays was placed at B and was inclined at an angle 

of 20° to the horizontal face of the brass plate 8 (Fig. 85). Source 
and plate were contained in a box placed between the poles of an 
electromagnet, the held being perpendicular to the length of the plate. 
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The material, the particles from which were to be examined, was laid 
directly over the source. 

The estimate of the magnetic deflection of the particles was ob- 
tained by observing the effect of a magnetic field on the number of 
scintillations near the line E , the shadow of the edge of the plate S 
which was formed on the zinc sulphide screen Z. 

By allowing the a rays from the source to strike the screen, the 
position of the line E was clearly defined as the edge of the band of 
scintillations. The microscope was adjusted so that this edge was a 
little above a horizontal cros«-wire in the eyepiece, which marked 
the centre of the field of view. The material to be examined, say 
aluminium, was now placed over the source and dry oxygen was 



circulated through the box. The scintillations appearing on the screen 
were now due to the long range particles resulting from the disin- 

tegration of aluminium. Their number was far too small to give a 

band of scintillations with a definite edge. It is clear that if a mag- 
netic field be applied in such a direction as to bend the particles 

upwards the edge of the shadow should move upwards and the 

scintillations should appear only in the lower half of the field of view 
of the microscope. If the field be applied in the opposite direction, 

the edge E should move downwards and the scintillations should 

occur over the greater part of the field of view. The ratio of the 

numbers of scintillations observed in this way clearly gives a measure 
of the amount of deflection suffered by the particles. This ratio was 

determined for the long range particles liberated from aluminium, 
phosphorus, and fluorine, and it was compared with that for pro- 
jected H particles of known velocity and also for the a particles of 
8*6 cm. range emitted by thorium C'. It was shown in each case 
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that the long range particles carried a positive charge, and that they 

were deflected in a magnetic field to the degree to be expected if 
they were H nuclei moving with a velocity estimated from their 
range as measured in absorption experiments. There can be little 
doubt therefore that the particles are M nuclei, though it is difficult 
to obtain conclusive proof without an actual determination of the 
velocity and the value of e/m of the particles. 

While the measurement of the magnetic deflection of the particles 
liberated in disintegration has been examined only for four elements, 
viz. nitrogen, fluorine, aluminium, and phosphorus, there is reason 
to suppose that the other elements would give similar results and it 
is very probable that in all the known cases of disintegration the 
particles liberated are hydrogen nuclei. 

§ 68. Ranges of protons liberated in disintegration. The ranges 
of the protons liberated in disintegration have been examined for 
a few elements only. The curves of Fig. 83 show that the number 
of protons liberated from nitrogen and aluminium decreased con- 
tinuously in number as the absorption in their path was increased 
from 30 cm. of air, and became zero at an absorption equivalent to 
40 cm. of air in the case of nitrogen and about 90 cm. in the case of 
aluminium. In these experiments however the thickness of material 

exposed to the a particle was relatively great, and the protons ob- 
served were liberated by a particles of widely differing velocities and 
over a wide range of angle to the direction of the effective a particle. 

The results were therefore of value mainly in giving the maximum 
range of the protons liberated under bombardment by a particles of 
a known initial range. 

Experiments under similar conditions were made to measure the 

maximum range of the protons liberated in the opposite direction to 
that of the incident particles. This was called the maximum range 

ill' the backward direction, Since the material was placed imme- 
diately behind the source, it was possible for protons liberated at all 
angles from 180° to nearly 90° to be observed. It is therefore doubtful 

whether this “backward” range should be attributed to the protons 

emitted in directions making angles close to 180° with that of the 
a particle, and it may be that it really corresponds to a direction of 

emission not much more than 90°. 

In the later experiments in which the protons were examined at 
right angles to the direction of the a particles the maximum ranges 



RANGES OF DISINTEGRATION PROTONS 293 
were determined very roughly, except in the two cases of nitrogen 

and magnesium. 

The results of these measurements are given in the following table. 
The initial range of the bombarding a particles was 7 cm. The ranges 
of the protons are expressed in equivalent cm. of air at 15°. 


dement 

Atomic 

number 

| Maximum range of proton j 

Atomic 

masses 

Forward 

Right 

angles 

Back- 

ward 

Boron 

5 

lO, 11 

68 



38 

Nitrogen 

7 

14 

40 

24 

18 

Fluorine 

9 

19 

65 

— 

48 

Neon 

10 

20, 22 

— 

16 

— 

Sodium 

11 

23 

58 



36 

Magnesium 

12 

24, 25, 26 

40 

24 

— 

Aluminium 

13 

27 

90 

— 

67 

Silicon 

14 

28, 29, 30 

— 

18-30* 

— 

Phosphorus 

15 

31 

65 

— 

49 

Sulphur 

16 

32, 33, 34 

— 

18-30 

— 

Chlorine 

17 

35, 37 

— 

18-30 

— 

Argon 

18 

30,40 

— 

18-30 

— 

Potassium 

19 

39,41 

— 

18-30 

— 


* In this and other cases where the range is given as 18-30, it is to be taken that 
the range has not been measured but probably lies between 18 cm. and 30 cm. of air. 


It will be noted that the maximum range of the proton depends 
on the direction in which it is emitted relative to the direction of 
the incident a particles. This is not unexpected, for one would suppose 
on general grounds that momentum must be at least approximately 

conserved in these collisions. The nucleus struck by the a particle 

will receive a momentum in the forward direction and the proton 
liberated from the moving nucleus may be expected to have a greater 

velocity in the forward direction than in the backward. 

On certain hypotheses as to the mechanism of the disintegration 

it is possible to calculate the relation between the range of the 

incident a particle and the range of the proton emitted in the 

forward and in the backward direction (cf. § 72), but in view of the 
uncertainty regarding the "backward” ranges it is scarcely justi- 
fiable to draw any definite conclusions from the comparison of these 

calculations with the observations. 

Some striking similarities in the ranges of the protons from different 

dements may be pointed out. The seven elements which have been 

examined most closely may be grouped in three pairs, with aluminium 
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as the exception. The maximum ranges of the protons from boron 
and sodium are about the same, as are those from nitrogen and 
magnesium, and fluorine and phosphorus. 

While the data are still rather meagre we may say that, in general, the 
protons emitted by the elements of odd atomic number have a greater 
range than those emitted by the elements of even atomic number. 

It is also of interest to note that the kinetic energies of some of 
the protons liberated from some elements may be greater than the 
energy of the incident a particle. Assuming as a rough approxima- 
tion that the range of the proton is proportional to the cube of its 
velocity, and making use of the fact that a proton of velocity 1-6 times 
the velocity of the a particle of radium C has a range in air of about 
29 cm., we find that a proton which has a kinetic energy equal to 
that of the a particle of radium C will have a range of about 57 cm. 
in air. We see therefore that in several cases of disintegration the 
kinetic energy of the emitted proton may be greater than that of the 
incident a particle; for example, the maximum range of the protons 
ejected from aluminium is 90 cm., corresponding to an energy 1*37 
times that of the a particle of radium C responsible for the disintegra- 
tion. The nucleus which w as struck by the a particle and disintegrated 
will in general also have an appreciable kinetic energy. It follows 
therefore that in several cases of disintegration the sum of the kinetic 
energies after impact of the a particle, the released proton, and the 
residual nucleus may be distinctly greater than the initial kinetic 
energy of the a particle. 

§ 68 a. Minimum range. Some experiments, full details of which 
were not published*, were made under more definite conditions to 
examine the protons liberated with short ranges. A thin foil of 
aluminium, of about 5 mm. air equivalent, was bombarded by 
a particles of 7 cm. range from radium (B -f C) and the ejected protons 
were examined in a direction at right angles to the a ray beam. An 
absorption curve was taken in the usual way with the result shown 
in Fig. 86, where the ordinates represent the number of protons 
observed at absorptions in equivalent cm. of air given by the 
abscissae. It is seen that the gradual increase in the number of 
protons observed as the absorption in their path is decreased does 
not continue down to the smallest ranges. The particles appear to 
possess a minimum range of about 10 to 12 cm. of air. 

• CL Rutherford and Chadwick, Proe. Camb. Phil. Soc. 25, 186, 1929. 
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A similar absorption curve was determined for the protons ejected 
from sulphur. The curve was similar in shape and gave a value for 
the minimum range of the proton of about 15 cm. 

These experiments suggest that the protons liberated in a disinte- 
gration possess a certain minimum energy as well as a maximum 
energy. On the classical mechanics one would expect that no proton 
could escape from a nucleus with a kinetic energy less than that 
corresponding to a fall through the maximum potential in the field 
of the nucleus. The experiments on the scattering of a particles by 
aluminium suggest that the potential of a proton in the field around 
the aluminium nucleus would have a maximum value of about 
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3*7 x 10® electron volts (cf. § 63). The energy of the proton of mini- 
mum range released from aluminium corresponds to a fall through 
about 3 x 10® volts, which is roughly of the same magnitude. On 
the other hand, considerations which will be discussed in § 72 
indicate that the laws of classical mechanics are probably not applic- 
able in these disintegrations, and it seems possible that protons may 
escape from a nucleus with smaller energy than corresponds to the 
maximum potential. A test of this hypothesis could probably be 
obtained by investigating how the minimum range of the proton 
depends on the range of the incident a particle ; on classical mechanics 
the minimum range should be characteristic of the disintegrating 
nucleus and independent of the range of the a particle. As yet how- 
ever no such measurements have been made. 

5 69. The effect of the velocity of the a particle on disintegration. 

In two cases only has the disintegration been studied in any detail, 
viz. in the cases of aluminium and nitrogen. With these elements 
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some experiments were made to find how the number and range of 
the emitted protons depend on the velocity of the bombarding 
a particle. 

The experimental arrangement was that shown in Fig. 82, and the 
method of experiment was as already described. Sources of thorium C 
were used to obtain a particles of 8*6 cm. range, and sources of a rays 
of less than 7 cm. range were obtained by placing gold or silver foil 



Fig. 87. 
* 


of the requisite stopping power over a source of radium (B f- C). The 
results of the experiments with nitrogen (in the form of air) are 
s&own in Fig. 87, where the ordinates give the observed number of 
protons per milligram activity of the source, and the abscissae the 
absorption in the path of the particles expressed in equivalent cm. 
of air. Only the end part of the curve A, for particles of range 
8-6 cm., is given, since the initial portion is complicated by the effects 
of the a particles of 4*8 cm. range which are also emitted from a 
source of thorium C. The maximum ranges of the protons were 
51, 40, 34 and 27 cm. for a particles of range 8*6, 7*0, 6*0 and 4*9 cm. 
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respectively. To a rough approximation, therefore, the maximum 
range of the proton was proportional to the range of the incident 
a particle. 

It will be seen from the curves that the number of protons observed 
increased rapidly with the range of the a particle. It is perhaps not 
justifiable to use these results for a strict comparison of the effects 
of a particles of different ranges, for the experimental conditions 
were not suitable. The a particles passed through a length of 3*5 cm. 
of gas and, in the absence of information about the angular distri- 
bution of the protons, there is no means of estimating the effects of 
different parts of the gas. Further, owing to the presence of the long 
range a particles, observations were not taken below an absorption 
of 12 cm. of air, and it appears from the curves that the number of 
protons was still increasing with diminishing absorption. We may 
however make a rough comparison of the effects of a particles of 
different ranges. After allowing for the “natural” scintillations as 
given by curve D, we find that the number of protons observed at 
12 cm. absorption was 6-5, 3-4, 0*8 per mg. activity of the source 
for particles of range 7*0, 6-0, and 4-9 cm. respectively. The chance 
of producing a disintegration therefore decreases very rapidly as the 
velocity of the a particle is reduced. 

Similar observations were made in the case of aluminium, though 
the results were in some respects less definite owing to the smaller 
number of protons and the shape of the absorption curve. 

In these experiments the effects of the long range a particles and 
of the “natural” scintillations from the source and materials near 
it prevented a thorough examination and an extension of the obser- 
vations to the effect of a particles of shorter range. For example, 
when a rays of range 4-9 cm. were used a small but definite number 
of particles was observed to be liberated from nitrogen, but with 
aluminium it was doubtful whether any residual effect existed. 

In some later observations the right angle method of experiment 
was used. The relative numbers of protons observed for incident 
c rays of different ranges are shown in the curve of Fig. 88. The ele- 
ment examined was nitrogen and the total absorption in the path 
of the protons was equivalent to 5 cm. of air. The source of a particles 
was radium (B 4* C) and the ranges shorter than 7 cm. were obtained 
b} placing absorbing screens of mica over the source. Since a wide 
cone of particles must be used in order to obtain a measurable number 
of protons, the beam of incident particles is necessarily heterogeneous. 
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In the figure an average value of the range of the incident particles 
has been taken. It will be seen from the figure that the chance of 
disintegration increases rapidly with the velocity of the a particle. 
It is very small for a velocity corresponding to a range of 3 cm. in 
air and would appear to fall to zero at a range not much less than 
this. The minimum range of the a particle effective in producing 
disintegration could not be fixed with any accuracy for the reason 
mentioned above. 

Similar results were obtained in experiments in which the dis- 
integration of aluminium was examined. Few if any particles of 



Fig. 88. 

disintegration could be observed when the range of the incident 
a particles was less than 3 cm., and as the range of the a particles 
was increased above this value the number of protons rose rapidly. 

§ 70. The probability of disintegration. The numbers and distri- 
bution of the protons. It is difficult to make a reliable estimate 
of the probability of the disintegration of a nucleus by the collision 
of an a particle, for no comprehensive study has so far been made 
with any element. This question is intimately connected with the 
angular distribution of the protons emitted during disintegration. It 
is known that the protons are emitted in all directions, for they have 
been observed in the same direction, at 90°, and at 135° to the 
direction of the incident a particles, but as yet there is very little 
information about the variation in the number of protons with the 
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direction of emission. An inspection of the curves of Fig. 89, which 
show the numbers of protohs observed from aluminium in the forward 
and backward directions, suggests that the number in the backward 
direction is decidedly less than in the forward. The observations 
were not carried to small absorptions on account of the effects of 
the long range particles and of free hydrogen, so that they provide 
no definite information about the total numbers of protons released 
under these conditions. The suggestion that there is a preponderance 
of protons in the forward direction is however supported by com- 
parison of the number of protons observed in these experiments 



with those observed in others where the angle of observation was 
90° and 135°. In some experiments, not yet published, a polonium 
source was enclosed between a sheet of aluminium foil and a sheet 
of platinum foil and placed in the centre of a Wilson expansion 
chamber. The tracks of the protons liberated from the aluminium 
were visible over a very large solid angle on each side of the source. 
They were photographed by two cameras at right angles as in 
Blackett’s experiments. The effects of free hydrogen in the materials 
cannot be eliminated in this experiment but are not likely to be 
large. The tracks due to hydrogen collisions are as likely to appear 
in the forward direction, i.e. from hydrogen in the aluminium, as in 
the backward, from hydrogen in the platinum ; and, since the total 
absorption in the path of the particles was 8 cm. and the range of 
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the a particle from polonium is 3*9 cm., they should be few in number. 
The analysis of a number of photographs, in which the tracks of 
nearly 200 protons were obtained, showed that about two to three 
times as many protons appeared in the forward direction as in the 
backward. 

Further evidence on this point is provided by the experiments of 
Blackett, which are described in the next section. In an examination 
of the tracks of a particles in nitrogen Blackett observed eight cases 
in which the collision resulted in the disintegration of the nitrogen 
nucleus. In seven of these the proton was emitted in the forward 
direction, in only one was the proton emitted in the backward direc- 
tion. In view of the probability variations associated with such small 
numbers, this result cannot be expected to give the ratio between 
the numbers in the forward and backward directions, but it certainly 
indicates that there is a decided preference for the forward direction 
of emission. 

We may conclude from the above experiments that the protons 
emitted in the disintegration of aluminium and nitrogen appear in 
all directions relative to that of the incident a particle, but that 
the majority travel in the forward direction. This conclusion may 
reasonably be extended to other cases of disintegration. 

With the reservation imposed by our lack of knowledge of the 
angular distribution of the protons, we may now proceed to estimate 
the probability of a disintegration. In a previous section we have 
seen that the number of protons liberated from nitrogen (as air) 
with ranges greater than 12 cm. in air was about 6*5 per min. per mg. 
activity of the source of radium (B + C). The initial range of the 
incident a particles was 7 cm. and the protons were observed on a 
zinc sulphide screen of 8*3 sq. mm. area placed at a distance of 
3*5 cm. from the source. The efficiency of the screen was about 0*75. 
Assuming for the purpose of calculation that the protons are emitted 
equally in all directions, we find that about 18 protons are liberated 
for every million a particles of 7 cm. range passing through the 
nitrogen. To take into account the preponderance of protons in the 
forward direction, this result should be reduced. On the other hand, 
the observations probably did not record the total number of protons, 
for those with ranges less than 12 cm. did not reach the screen, and 
the conditions of experiment were such that the whole path of the 
a particle was not effective. As a very rough estimate of the proba- 
bility of disintegration we may say that when one million a particles 
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of 7 cm. range are totally absorbed in nitrogen about 20 nitrogen 
nuclei will be disintegrated. 

Similar calculations may be made for the case of aluminium. In 
this case about 8 nuclei are disintegrated when one million a particles 
of 7 cm. range are totally absorbed. 

Only the roughest estimates of the probability of disintegration 
can be given for the remaining elements. In general it may be said 
that the probability is greatest for the lighter elements and least for 
the heavier, and greater for the elements of odd atomic number than 
for those of even atomic number. For example, the chance of disinte- 
grating a potassium nucleus by bombardment with an a particle is 
less than that of disintegrating a sodium nucleus, and the chance 
for a silicon nucleus is less than for an aluminium or a phosphorus 
nucleus. The probability of disintegration for the heavier elements, 
such as chlorine, argon, potassium, is very small, about one nucleus 
being disintegrated for every million a particles of 7 cm. range. 
It is not justifiable to make more definite comparisons of the 
results obtained for one element with those for another owing to 
the fact that the experiments were not carried out under the same 
conditions. 

Tt appears therefore that the chance of disintegration may depend 
lot only on the charge of the nucleus but on the internal structure. 
It also depends greatly on the velocity of the incident a particle. 
We have seen in § 69 that the chance of disintegration is very small 
for small velocities of the a particle and increases rapidly as the 
velocity of the a particle is increased. 

§ 71 . Experiments in the expansion chamber. The experiments 
so far described have consisted in the detection by the scintillation 
method of the proton emitted in the disintegration of an atom. This 
method can give no direct information about the motion of the atom 
or of the a particle after the disintegrating collision. The Wilson 
expansion chamber provides an obvious and perhaps the only certain 
means of observing the motion of these particles. Since the proba- 
bility of a collision resulting in disintegration is small, for example 
about 20 protons are liberated when one million a particles of 7 cm. 
range are passed through nitrogen, it is necessary to photograph a 
vei y large number of tracks. The expansion chamber must therefore 
be worked automatically in order to provide the required information 
in a reasonable time (see § 1 2d). Experiments of this kind have been 
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carried out by Blackett* and by Harkinsf. In both cases the tracks 
were photographed in two directions at right angles, both pictures 
being received on the same photographic film. 

In Blackett’s experiments the apparatus made one expansion and 
took one photograph every 10 or 15 seconds. The source of a rays was 
thorium (B + C), giving particles of 8*6 cm. range and 4*8 cm. range. 
The expansion chamber was filled with nitrogen containing about 
10 per cent, of oxygen, which was added to improve the sharpness 
of the tracks. The average number of tracks on each photograph was 
18 and about 23,000 photographs were taken. Thus the tracks of about 
270,000 a particles of 8-6 cm. range and 145,000 of 4*8 cm. range were 
obtained. 

Among these tracks a large number of forks was found corre- 
sponding to elastic collisions between the a particles and nitrogen 
atoms. In addition to these normal collisions, however, eight were 
obtained of a very different type. Two of these are reproduced on 
Plate X, figs. 1 and 2. These eight forks represent the ejection 
of a proton from a nitrogen nucleus. In each, however, there are 
only two branches. The path of the ejected proton, as an inspection 
of the photographs will show, is obvious. It consists of a fine straight 
track along which the ionisation is clearly less than along the a tracks 
near it. The second of the two branches of the fork is a short track 
similar in appearance to the track of the nitrogen nucleus in a normal 
forked track. There is no sign of a third branch to correspond to the 
track of the a particle itself after the collision. It is difficult to see how 
an a particle which has penetrated into the structure of the nitrogen 
nucleus can escape without acquiring sufficient energy to produce a 
visible track. Since no track appears on the photographs, we must 
conclude that the a particle does not escape but that in ejecting the 
proton from the nitrogen nucleus it is itself absorbed into the nuclear 
structure. The resulting nucleus must have a mass of 17 and, if no 
electrons are gained or lost in the process, an atomic number of 8 
(cf. p. 313). 

The conclusions based on the appearance of the anomalous tracks 
were confirmed by measurement. Blackett showed that the angles 
between the components of each of these anomalous forks were not 
consistent with an elastic collision. Kinetic energy was not conserved 
in these collisions. The anomalous forks were however coplanar, indi- 
cating that momentum was conserved. If <// and a> are the angles 

* Blackett, Proe, Ray. Soc . A, 107, 349, 1925. 

f Harkins, Zett.f. Phys. 50, 97, 1928. 
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between the jijitial ^rack of the a particle and the track of the proton 
and the neW nucleus respectively, we have, if momentum is conserved, 

m 9 v 9 ,iin p — m n v n sin cu * 0, 

m 9 v 9 cos tft + m n v n cos o> = MV, 

where m„, m n are the masses and v v , v n the velocities of the proton 
and final nucleus, And M,V the mass and velocity of the a particle 
at impact. 

Jjfrom these we find that the momenta of the proton and nucleus 
are given by 

m p v p — MV sin to /sin (ip -f to), 

, 4 - 

’ m n v n = MV sin ^/sin (0 -f w). 

The velocity V of the a particle was calculated from the distance 
of the fork from the source, ip and oj were measured from the photo- 
graphs. Thus the momenta of the particles making the branches of 
the fork could be found. Assuming that the fine track was due to 
a proton, the velocity of the proton was deduced. The results obtained 
were in fair agreement with the measurements of Rutherford and 
Chadwiok on the ranges of the protons ejected from nitrogen nuclei. 

The momentum of * the residual nucleus was also found from the 
angles of the fork, and its range was measured and compare^ with 
the ranges observed for recoiling nitrogen atorhs (§ 58). Blackett 
concluded that the results were consistent with the assumption that 
the residual nucleus had an atomic number 8 and a mass 17. 

If we assume that the mass of the residual nucleus is 17,* then the 
kinetic energy of the particles after collision can be calculated and 
compared with that of the incident a particle. From the measure 
ments of six disintegration forks, Blackett found that the ratio of 
the sum of the kinetic energies of the nucleus and proton to that of 
the a particle at the point of impact was 0*83, 1*02, 0*72, 0*08, 0-88, 
0-93. On the average therefore there was a loss of kinetic energy of 
19 per cent, of the energy of the incident a particle. 

It is preferable to express the energy change in the disintegration 
in fcerins of some definite unit, say as a fraction of the energy of an 
a particle of 7 om. range/ Blacketts observations then* give for the 
energy change in the six disintegrations obtained — 010, + 0*02, 
— 0*30, ~ ty33, — 0*11, and — 0*00 times the energy of an a particle 
of 7 cm: jange. 

the frequency of tho disintegrations was jji rough agreement with 
the estimates of § 70, when the veloeitv of the a narticles was taken 
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into account, for 8 cases of disintegration were observed for 270,000 
a particles of 8-6 cm. range and 145,000 of 4*8 ©m. range. 

Some collisions were observed in which the a particle was deflected 
through a large angle (110° to 120°) without the ejection of a proton. 
If these collisions were in fact with nitrogen and not with oxygen 
and if the a particle concerned in the collision was one of the group 
of 8-6 cm. initial range, this observation would show that the disinte- 
gration of a nitrogen nucleus does not necessarily ocour when the 
a particle penetrates within a certain distance of the centre of the 
nucleus, but that some other factor determines whether an elastic 
collision is to be made or whether the a particle is to be captured 
and a proton ejected; for the distance of approach of the a particle 
was on this assumption about 3*5 x lO - * 13 cm. on the Coulomb law 
of force, and the experiments described in § 69 show that disintegra- 
tion of the nitrogen nucleus may occur when the distance of approach 
is less. than about 6 x 10~ 13 cm. If, however, the a particle concerned 
in the collision belonged to the shorter group of particles, the distance 
of collision may have been a little greater than the critical distance. 
Curtiss* also has reported a collision of an a particle with a nitrogen 
nucleus in which the distance of collision was estimated to be about 
5 x 10~ 18 cm. but in which there was no evidence of disintegration. 

§ 72. discussion of the resultsf . We have seen in the foregoing 
sections that all the elements from boron to potassium can be dis- 
integrated by the bombardment of a particles, with the two excep- 
tions of carbon and oxygen. The result of the disintegration is in 
every case the emission of a hydrogen nucleus or proton. No evidence 
has been obtained of the ejection of particles of an# other type. So 
far as has been ascertained, only one proton is emitted from the 
disintegrating nucleus; this appears most clearly from the experi- 
ments in the expansion chamber. 

While in some cases, e.g. aluminium, the kinetic energy of the 
particles after disintegration may be greater than the kinetic energy 
of the incident a particle, brother cases, e.g. nitrogen, it is less. Thus 
some disintegrations take place with liberation of energy, others 
with an absorption of kinetic energy. The probability of producing 
a disintegration with an a particle of given energy varies from one 
element to ahother. While the information so far obtained on both 
these points, is meagre and indefinite, yet there emerges from the 
* Curtiss, Phys. Bet. 31, 1128, 1928. f See *Uo Appendix, p. 569. 
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results a distinct difference in behaviour between the elements of odd 
atomic number and those of even atomic number. In general the 
protons emitted by the odd-numbered elements are faster and more 
numerous than those from the even-numbered elements. It will 
be recalled that the early experiments were successful in showing 
the disintegration of the odd elements as far as phosphorus, while 
the disintegration of the even elements was only observed later. 

This difference between elements of odd and even number manifests 
itself in other ways. Harkins* has shown that elements of even 
number are on the average much more abundant in the earth’s crust 
than those of odd number. Astonf has found that odd elements may 
have at most two isotopes differing in mass by two units, while even 
elements may have a large number with a considerable range in mass. 
The conclusion seems to be that the even elements are more firmly 
built than the odd elements. In the case of the lighter elements the 
difference between odd and even has been shown by Aston J to extend 
to the masses of the nuclei. Aston’s measurements of the masses of 
the lighter elements are sufficiently accurate to give some indication 
of the relative stabilities of nuclei. It is generally assumed that the 
nuclei of all elements are built up from two units, the proton and 
the electron. The mass of a nucleus is not given by the sum of the 
masses of the protons and electrons contained in it, as measured in 
free space, for inside the nucleus the protons and electrons are packed 
so closely together that their electromagnetic fields interfere and a 
fraction of their combined mass is destroyed. The mass destroyed 
appears as a release of energy in the formation of the nucleus, the 
greater the loss of mass the more firmly are the charged particles 
bound together : ^and the more stable is the nucleus so formed. The 
atomic number and the mass number of the element give the numbers 
of protons and electrons in the nucleus, and an accurate measure- 
ment of the mass of the nucleus will give the loss of mass or release 
of energy in its formation. Aston expressed his measurements of 
the masses of the elements in terms of the ‘'packing fraction,” the 
livergence of the mass of the atom from the whole number nil© 
divided by its mass number. The packing fraction is therefore “the 
mean gain or loss of mass per proton when the nuclear packing is 
changed from that of oxygen to that of the atom in question.” A high 
packing fraction indicates looseness of packing of the proton and 

* Harkins, Phil. Mag. 42, 305, 1921. f Aston, Isotopes. Arnold & Co., London. 

t Aston, Proc. Roy . 8oc. A, 115, 487, 1927. 
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electron, and, therefore, low stability. We are here concerned not so 
much with the actual value of the packing fraction as in the change 
of the packing fraction from one element to the next. If we assume 
that the disintegration of an element consists solely in the ejection 
of a proton from the nuclear structure, the residual nucleus will be 
the next lower in the scale. If, as seems very probable from Bfackett’s 
experiments, some disintegrations consist in the binding of the 
a particle and the emission of a proton, the newly formed nucleus will 
be the next higher in the scale of elements. In either case an element 
of odd number will change into one of even number. Now Aston’s 
results show that the light elements of odd number have in general 
a much higher “packing fraction” than those of even number. Thus 
when an element of odd number changes into one of even number 
there will be in general a disappearance of mass. This mass may 
appear as kinetic energy associated with the emitted proton. Thus 
Aston’s measurements afford a general explanation of the high speeds 
associated with the protons emitted in the disintegration of the 
odd-numbered elements. 

In the above argument we have neglected to take into account 
the gain in mass of the proton on its release from the nuclear binding 
and the kinetic energy of the incident a particle. These energies 
nearly balance, for in the nucleus the mass of the proton is very little 
greater than 1 and outside it is 1-00724, while the kinetic energy of 
the a particle of radium C corresponds to a mass of 0-0082. 

The information at present available is not sufficient to test accu- 
rately the balance between the energy and mass changes in the dis- 
integrations. In many of the lighter elements the atomic masses are 
not known with the necessary accuracy, nor have the disintegration 
experiments provided any information about the motions of the 
a particle and residual nucleus after disintegration except in the one 
case of nitrogen. As an example, we may consider the disintegration of 
^fluorine. If we assume that the disintegration of fluorine congests in the 
f absorption of the a particle into the fluorine nucleus and the ejection 
of one proton, the residual nucleus will have a mass number 22 and 
an atomic number 10, that is, it is^^gotope of neon. The mass of 
the fluorine atom is given by Aston |O9*000, the mass of the a par- 
ticle is 4*0011 (subtracting the masffjfirthe electrons from the mass 
of the helium atom) and the energy ofra a particle of 7 cm. range is, 
in mass, 0*0082. The mass (plus kinetic energy) of the nucleus formed 
by absorption of the a particle will therefore be 23*0093 minus the 
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mass of 9 electrons. The mass of the proton is 1*00724. The maximum 
range of the proton liberated from fluorine by an a particle of 7 cm. 
range is 65 cm., corresponding in energy to a mass of 0*0089. The 
kinetic energy of the residual nucleus is not known, but neglecting 
this we can conclude that the mass of the residual atom, adding the 
# mass of TO electrons to the mass of the nucleus, is not greater than 
23*0104 - (1*00724 + 0*0089) + 0*00054 = 21*9937. The mass of the 
neon isotope of mass number 22 is given by Aston as a provisional 
estimate as 22*0048. The agreement is not good, and the value deduced 
appears to lie outside the range of error of Aston’s measurements. 

Some information* about the energy relations in the disintegration 

processes may be derived from a consideration of the experiments in 

which the maximum ranges of the protons emitted when nitrogen 

and aluminium were bombarded by a particles of different ranges 

were measured. If it is assumed that the a particle is captured by the 

nucleus which is disintegrated, then on the conservation of momentum 

we have , , 

M V = m p v p cos 0 + m n v n cos 

0 = m p v p sin 0 — m n v n cos <o, 


where Jf, V; m p , v p ; and m ny v„ are the masses and velocities of 
the a particle, proton, and residual nucleus respectively, and 0, oj 
are the angles between the initial track of the a particle and the 
directions of motion of the proton and nucleus respectively. 

if each disintegration of a nucleus of a given type takes place 
with the same change of energy Q , we shall have 
\rn p v * + \m n v n 2 = \MV 2 + Q . 


For the comparison with experiment only the maximum value of v p 
is required and under the above energy condition this will be given 
when 0 =* 0. The equations then lead to a relation between the 
maximum value of v P and V in terms of the masses of the particles 
and the energy change Q. If we write as a first approximation 
(v P /V) z = PfR, where r is the range of a proton of velocity v p and 
It is the range of an a particle of velocity F, and express Q as a 
fraction p of the energy of the a particle of radium C' of 7 cm. range, 
this relation becomes 


64i* 


‘~i Lr+TTmi’ 

[»,+ l r Vi;+l|4 m, + 1 r 4 \RJ jj 


♦ Cf, Bothe, Zeit. f. Phys. 51, 613, 1928; and Rutherford and Chadwick, Proc. 
Camb. Phil 8oc. 25, 186, 1929. 
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This gives the maximum range of the proton in terms of the range 
of the incident a particle. 

If the experimental results for nitrogen shown in the curves of 
Fig. 87 are inserted, this relation leads to a consistent value for p 
of — 0*13. Thus the observations with nitrogen are consistent with 
the assumption that a definite quantity of energy, equal to 0*13 of 
the kinetic energy of the a particle of radium C', is absorbed in the 
process of disintegration of the nitrogen nucleus. 

This agreement must be compared with the results of Blackett, 
who found from the measurement of six disintegration forks in 
nitrogen that the change of kinetic energy varied from —0*33 to 
-f 0*02 of the energy of the a particle of radium C'. This result de- 
pends only on the measurement of angles and the assumption of the 
conservation of momentum, an assumption confirmed by the co- 
planarity of the forks. It does not seem possible to ascribe such a 
large variation in energy to errors in the measurements, and it 
appears more probable that the agreement shown between the 
maximum ranges of the protons found in the scintillation experi- 
ments and in the above calculations is fortuitous. 

If the observations with aluminium are examined in the same 
way, the relation between the maximum range of th$ protons and 
the range of the incident a particle cannot be satisfied by assuming 
a definite value for Q. It is perhaps possible to regard this result as 
a suggestion that in the aluminium disintegration the a particle is 
not absorbed into the nucleus, but it seems more probable that it 
indicates that the energy change is not the same for each disinte- 
grated nucleus. 

This view is strengthened by an examination of the results given 
in Fig. 86. In this experiment a thin foil of aluminium of 5 mm. 
air equivalent was bombarded by the a particles of radium C', and the 
figure gives the absorption curve of the protons ejected iu a direction 
at right angles to the incident particles. Thus no considerable ab- 
sorption, either of the a particles or of the emitted protons, could 
take place in the foil, and since the protons were examined over a 
comparatively narrow range of angle not much variation in range 
can be attributed to variations in the direction of emission. Never- 
theless protons were emitted which had ranges varying from about 
12 cm. of air to from 70 to 80 cm., corresponding, on the assumption 
that the range is proportional to the cube of the velocity, to energies 
varying from 0*33 to about 1*1 or 1*2 of the energy of the a particle 
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of radium C'. The possibility that the particles of very long range 
might not be protons was tested by examining their deflection in a 
magnetic field. This experiment showed definitely that the long range 
particles were in fact protons. If it be granted that the experimental 
conditions were sufficiently defined, this result indicates very clearly 
that the energy change in the disintegration of aluminium is not 
constant for each nucleus, independently of any assumptions about 
the mechanism of disintegration. 

A necessary consequence of this conclusion is the suggestion that 
either the mass of the aluminium nucleus or that of the new “inte- 
grated” nucleus is not constant, or both. If this can be extended 
to the other light elements, a test of its truth might be obtained 
with the mabS spectroscope, although the suggested variations in 
mass are small. The amount of variation may be illustrated by the 
case already taken of the disintegration of fluorine. If the proton 
emitted in this disintegration when an a particle of radium C' is 
captured may have energies varying from 0-003 to 0-0089 in mass 
units, corresponding to minimum and maximum ranges of 12 cm. 
end 65 cm., then, again neglecting the kinetic energy associated with 
the residual nucleus, the mass of the neon isotope formed will vary 
from 21-994 >) 22-000. 

In this discussion of the energy relations in the disintegrations it 
has been assumed that all the energy is associated with the three 
particles- the a particle, the nucleus, and the proton — and that no 
other particle or radiation is emitted in the process. The best 
evidence that no positive particle is emitted is provided by Blackett’s 
experiments, which refer only to nitrogen, but the emission of 
an electron or of radiation by the nucleus would most probably 
not have been detected in any of the observations which have 
yet been made. If one quantum of y ray energy were emitted 
in each disintegration, the detection of the y radiation would be a 
matter of some difficulty even if polonium, which does not itself 
emit y radiation, were used as the source of a particles. The above 
discussion of the energy relations is therefore subject to certain 
reservations. 

A very general description of the phenomena of disintegration can 
be given in terms of the picture of the potential field between an 
a ] ^article and the nuoleus of a light atom obtained from the scattering 
experiments (§ 63). To explain those experiments it was necessary 
to assume, in addition to the Coulomb force of repulsion, cm 
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attractive force varying as the inverse fourth or fifth power of the 
distance between the a particle and the nucleus. There is then a 
certain critical distance r 0 at which the potential of the a particle is a 
maximum, and within this distance the resultant force is attractive. 
If the velocity of the incident a particle is sufficiently great, it will 
be possible for an a particle to penetrate within this region and to 
be captured by the nucleus, It is probable that in order that a 
disintegration of the nucleus should occur such a capture of an 
a particle must be made, but it may be that every capture does not 
result in the emission of a proton and that certain nuclei cannot 
retain the particle. If the potential field around a nucleus were 
known, it would be possible to calculate the probability of capture 
for a particles of different velocities and to compare the calculations 
with the observations of the number of protons emitted under the 
same conditions. The scattering experiments have, however, been 
carried out only with two elements, magnesium and aluminium, and 
even in these cases the data obtained are such as to give only an 
approximate idea of the magnitude of the attractive force and its 
variation with distance. In the discussion of the field around the 
aluminium nucleus given in § 63 it was concluded that the critical 
distance r 0 is about 3-4 x 10" 13 cm. if the attractive force is assumed 
to vary as the inverse fourth power of the distance, while the 
closest possible distance of approach of the a particle of radium C' 
is about 4-6xl0“ 13 cm., allowing for the motion of the nucleus 
during the collision. On this view, penetration of the a particle into 
the aluminium nucleus and capture would only be possible when its 
velocity is somewhat greater than 2 x 10 9 cm. /sec. The disintegra- 
tion experiments show, on the other hand, that the aluminium nucleus 
is disintegrated by a particles of much smaller velocity than this ; that 
is, the disintegration experiments suggest that the nucleus, or value 
of r 0 , is much larger than is deduced from the scattering experiments. 
A similar conflict of evidence arises in the consideration of the size of 
the uranium nucleus (cf. § 75), and it has been resolved by Gamow 
and by Gurney and Condon on the conceptions of the wave mechanics. 
The same explanation will apply to the present case ; while on classical 
mechanics an a particle of energy E (or rather an effective energy E, 
for the motion of the nucleus in the collision must be allowed for) 
is unable to cross the region, shown shaded in Fig. 90, in which it 
would have a negative kinetic energy, on the wave mechanics there 
will always be a certain probability that the particle will be able to 
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enter the nucleus. This probability will be greater the nearer the 
energy of the particle is to that necessary on the classical mechanics. 
An approximate calculation on the basis of the wave mechanical 
equations of the probability of capture by an aluminium nucleus 
has been made by Gamow* for a particles of different energies. The 
agreement with experiment was as good as could be expected, in 
view of the simplifications which were necessary to make calculation 
possible. He has also calculated the probability of disintegration of 
other light elements when bombarded by a particles of radium C' 



and by a particles of polonium. In this he assumed that the 
critical distance r 0 varied from element to element proportionally 
to the cube root of the atomic weight. A close comparison of 
these calculations with the experimental results cannot be made, 
since the latter are very uncertain and obtained under varied con- 
ditions, but it* is possible to see a general agreement. In particular, 
the calculations show that the chance of penetration decreases 
very rapidly as the atomic number of the element increases, and 
is small for numbers greater than 20 ; for example, only about one 
a particle of radium C' in 10 n is able to penetrate into the nucleus 
of iron. 

There is the further possibility that the entrance of an a particle 
ir to the nucleus does not result in a disintegration. Such a case 


* Gamow, Nature, 122, 80S, 1928; Zeit.f. PAys. 52, 610, 1928. 
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may be supplied by carbon and oxygen, but the present experimental 
results do not exclude the possibility that these nuolei disintegrate 
with the emission of protons or of a particles of very short range. 
The agreement between Gamow’s calculations of the chance of 
penetration and the experimental numbers of omitted protons is 
sufficient to show that for elements such as nitrogen or aluminium 
the probability that a capture of the a particle results in dis- 
integration must be fairly high. In this connection it is of interest 
to refer again to the collision observed by Blackett in which the 
a particle was deflected through 110° and no disintegration occurred. 
If the a particle was one of the group of 8-6 cm. range, then on 
the assumptions we have here adopted for the potential field round 
the nucleus the a particle must have penetrated within the critical 
distance r 0 , whether the nucleus was one of nitrogen or one of 
oxygen. 

We may conclude that the picture of the interaction of a nucleus 
and an a particle derived from the scattering experiments is, when 
interpreted on the wave mechanics, able to provide a general descrip- 
tion of the disintegration and to give a reasonable estimate of the 
probability of disintegration of a nucleus under different conditions. 
To extend this view to the explanation of the energy relations in 
the disintegration needs a more intimate knowledge of the structure 
of the nuclei than we now possess. 

§ 73. The stability of the residual nucleus. It has so far been 
assumed without question that the new nucleus formed in a disin- 
tegration is stable. The evidence for this assumption rests partly on 
Blackett’s experiments and partly on an unpublished investigation of 
Rutherford and Ahmad. Blackett’s photographs show that if the 
nucleus formed in the disintegration of nitrogen breaks up with the 
emission of a positively charged particle it must have a life greater 
^than 0*001 sec., for otherwise the track of the particle would be 
obtained in the photographs. Rutherford and Ahmad bombarded 
nitrogen contained in a closed vessel by a particles from a strong 
source of radon and its products. After removal of the source the 
conductivity of the nitrogen was examined; none was found that 
could not be attributed to unrecombined ions due to the initial ionisa- 
tion produced by the a particles. 

If we disregard the possibility of the emission of an electron, which 
might not have been detected in either experiment, this evidence 
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suggests very strongly that the nucleus formed from nitrogen is 
stable. It must then be an isotope of oxygen with a mass 17, and 
should exist on the earth. If it does exist it can only be present in 
such small quantities as to escape detection in the mass spectroscope 
of Aston, or as not to influence to any appreciable degree the chemical 
atomic weight*. 

An attempt to detect the break up of the nucleus formed in a dis- 
integration was made by Shenstonef in 1922. In some experiments 
it was arranged that the substance, after several minutes bombard- 
ment by a strong source of a particles, was brought beneath a zinc 
sulphide screen within an interval of 1/100 sec. No residual activity 
of the bombarded materials was observed. In the main experiments 
the substance to be examined was fixed on the face of a disc. By 
rotating the disc at a speed of about 250 revolutions per sec. the sub- 
stance could be brought from beneath the source of a particles in less 
than 1/10,000 sec. to a zinc sulphide screen where its activity could 
be observed. Aluminium carbon, iron, and lead were examined in 
this way. The result of the observations was negative in all cases, and 
Shenstone concluded that in the case of the first three elements no a 
particles or protons of range greater than 2 mm. are emitted after an 
interval of 8 x 10~ 6 sec. from the bombardment and none of range 
greater than 6 mm. after an interval of 3 x 10~ 5 sec. In the case of 
lead the corresponding intervals are 10~ 4 sec. and 5 x 10~ 5 sec. It 
will be noted that Shenstone examined only one element, aluminium, 
which is known with certainty to be disintegrated under the impact 
of a particles. His results suggest that the nucleus formed in the dis- 
integration of aluminium is stable, and that the act of disintegration 
takes place within an interval of 10~ 5 sec. after the impact of the a 
particle. 

§74. The transmutation of elements. There have been in recent 
years numerous claims that one element has been changed into 
another by processes in which forces of very ordinary quality were 

* From an examination of the absorption bands of oxygen in the spectrum of 
the sun, Giauque and Johnston {Nature, March 2, 1929) claim to have obtained 
definite evidence of the presence of an isotope 0 18 in the atmosphere, and in a 
later communication ( Nature, June 1, 1929) evidence also of an isotope 017. 
Bibcock {Nature, May 18, 1929) estimates from the intensity of the bands that 
C 18 is present in about 1/1250 of the amount of 0 16. The amount of 0 17 must 
be much less than this. 

t Shenstone, Phil. Mag. 43, 938, 1922. 
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employed and in which the amount of transmuted element was so 
large as to be capable of detection by the usual chemical methods. 
The most important of these claims is perhaps that of Miethe*, who 
reported the transmutation of mercury into gold in a mercury vapour 
lamp. Miethe’s claim was supported by Nagaokaf, who passed a 
high-tension discharge between electrodes of mercury and tungsten 
immersed in transformer oil, and found both silver and gold in the 
carbonised residues of the oil. These results were upheld on the ground 
that the transmutation of one element into the next of lower atomic 
number, for example of mercury into gold, requires merely the 
addition of one electron to the nucleus; and since the nucleus is 
positively charged, this operation may be easy to bring about by 
electrical means and may need very little energy. This argument is 
unsound. Unless some mechanism exists which prevents the absorp- 
tion of casual electrons driven into the neighbourhood of the atomic 
nucleus, matter could not exist for any reasonable time. Moreover, 
this process must result in the formation of an atom one unit less in 
number but of the same weight. Now the measurements of Aston of 
the masses of atoms show that every pair of isobars known with 
certainty differs by two units in atomic number, and that elements 
of odd and of even number differ fundamentally in the grouping of 
their isotopes. There is therefore no evidence in nature for the type 
of transmutation suggested. 

Miethe was able to collect from old mercury lamps so much gold 
that a determination of its atomic weight could be made. This was 
carried out by Honigschmid and Zintl The value obtained was not 
distinguishable from that of ordinary gold, viz. 197*2. At the same 
time Aston § showed that mercury contained no appreciable quantity 
of an isotope of mass number less than 198. Although this evidence 
was not conclusive, since the gold examined by Honigschmid and 
Zintl was not prepared by the actual process devised by Miethe, it was 
nevertheless significant. The claims of Miethe and of Nagaoka have 
been the subject of numerous investigations, notably by Haber, 
Jaenicke and Matthias j|, by Garrett^, and by Sheldon and Eatey**, 

• Miethe, Natunviss . 12, 597, 1924; 13, 635, 1925. 

t Nagaoka, Nature , 116, 95, 1925. 

} Honigschmid and Zintl, Zeit. /. anorg. Chem. 147, 262, 1925. 

{ Aston, Nature , 116, 208, 1925. 

|| Haber, Jaenicke, and Matthias, Zeit. f. anorg. Chem. 168, 163, 1926. 

% Garrett, Proc. Roy. Soc. A, 112, 391, 1926. 

** Sheldon and Estey, Pkys. Rev. 27, 515, 1926. 
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with the result that there is now little if any support for this process 
of transmutation. 

A claim that lead could be transmuted to mercury and thallium 
in an arc was made by Smits* * * § , but after further experimentf with- 
drawn. 

Reports of transmutations of even more remarkable type were made 
by Wendt and IrionJ:, who stated that tungsten was decomposed and 
partly transmuted into helium when, in the form of a fine wire, it 
was electrically deflagrated ; by Riding and Baly§, who claimed that 
helium and neon were formed from nitrogen subjected to cathode ray 
bombardment ; and by Paneth and Peters ||, who stated that small 
quantities of helium could be synthesised from hydrogen by dis- 
solving the latter in palladium. The experiments of Wendt and Irion 
were repeated very carefully by Allison and Harkinsf , but no evidence 
of the production of helium was found. The claim of Paneth and 
Peters was soon withdrawn and the appearance of helium in the 
experiments received a more prosaic explanation. It was found** 
that a gloss surface which has been completely freed from helium by 
prolonged heating in hydrogen is able to absorb a detectable amount 
of helium, almost free from neon, from the atmosphere during only 
a single day’s contact with the air ; and also that glass (and asbestos) 
surfaces which do not give off detectable quantities of helium when 
heated in a vacuum or in oxygen release quantities of the order of 
10 * c.c. hen heated in hydrogen. In later experimentstt precautions 
were taken to exclude the escape of nelium absorbed in the glass 
surfaces, or the diffusion of helium from the air through hot glass, 
and the possibility was examined of the formation of helium from 
certain substances under the action of various agents. Under these 
conditions the results were entirely negative, and no quantity of 
helium larger than 10~ 10 c.c. was obtained. 


* Smits, Nature , 117, 13, 192(5; Smite and Karssen, Zeit. f. Elekirochetn. 32, 577, 
1926. 

f Smite, Nature , 120, 475, 1927 ; Smite and Frederikse, Zeit. f. Elektrochem. 34, 
350, 1928. 

{ Wendt and Irion, Joum. Amer. Chem. Soc. 44, 1887, 1922. 

§ Riding and Baly, Proc. Roy. Soc. A, 109, 186, 1925. 

|| Paneth and Peters, Ber. d. D. chem. Qes. 59, 2039, 1926. 

Tf Allison and Harkins, Joum. Amer. Chem . Soc. 46, 814, 1924. 

** Paneth, Nature, 119, 706, 1927 ; Paneth, Peters, and Gunther, Ber . d. D. chem . 
Oes. 60, 808, 1927. 

ft Paneth and Peters, Zeit. f. phys. Chem. 134, 353, 1928. 
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There can be little doubt that the claims which have so far been 
made of the transmutation of elements by the use of agents other 
than swift a particles are untrustworthy. In all the cases reported 
the presence of an element has been mistaken for its creation. On 
the present views of atomic structure the nucleus of an atom is 
extremely small and the forces binding together its component parts 
are of great intensity, corresponding to several million volts. It seems 
unlikely that the transmutation of elements on a chemical scale, as 
opposed to the radioactive scale, will be possible until such potentials 
are also available in the laboratory. 



CHAPTER XI 

THE RADIOACTIVE NUCLEI 


§ 75. The investigation of radioactivity during the last twenty-five 
years has led to the accumulation of aVealth of data concerning the 
emission of energy in the form of a, /9, and y rays from the radioactive 
nuclei and in nearly all cases the rate of disintegration of the element 
has been determined. This information must have an intimate bearing 
on the structure of the radioactive nuclei and it provides a variety of 
quantitative tests which can be applied to any hypothesis of this 
structure. It is, however, only within very recent times that a 
picture, even of the most general type, has been given which will 
explain satisfactorily the spontaneous disintegration of a nucleus 
with the emission of an a particle, and no application of this has yet 
been made to the emission of the and y rays. 

The difficulty in the way of an adequate theory of the structure of 
the radioactive nuclei has been twofold. In the first place, early in 
the study of radioactivity it became clear that the time of dis- 
integration of an atom was independent of its previous history and 
depended only on chance. Since a nuclear particle, say an a particle, 
must be 1 .eld in the nucleus by an attractive field, it seemed necessary, 
in order to explain its ejection, to invent some mechanism which 
would provide a spontaneous revulsion to a repulsive field. This 
mechanism must be of such a nature as to provide degrees of in- 
stability corresponding to a range of half-value periods from 10 10 
years to 10~ 6 sec., and the energy change in the disintegration must 
be the same for nuclei which have just been formed as for nuclei 
which have existed for some time, in the case of uranium, for example, 
for some thousand million years. In addition any theory of the 
radioactive disintegration must offer some explanation of the Geiger- 
Nuttall relation, which reveals a connection between the chance of 
disintegration and the energy of the a particle which is emitted. 

The second point of difficulty arises from a consideration of the 
dimensions of the radioactive nuclei, in particular of the uranium 
n acleus. The experiments on the scattering of a particles have shown 
that deviations from the Coulomb law of force occur in the dose 
collisions of a particles with the nuclei of light atoms, but no such 
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deviation has been found in collisions with atoms as heavy as copper. 
For example, the scattering of swift a particles by the nucleus of 
gold has been tested very closely and the results are in complete 
accord with the Coulomb law of force. Experiments are described later 
in this chapter (§ 76 a) in which the scattering of a particles by uranium 
has been examined with the same result, that no indication of a 
failure of the inverse square law of force was found. Since we should 
anticipate that deviations from this law of force must occur when the 
a particle approaches closely to the nucleus, we conclude that the 
radius of the nucleus of uranium is less than the closest distance of 
approach in these experiments, viz. about 4 x 10“ 12 cm. On the 
other hand, the radioactive evidence suggests just as clearly that the 
nuclear structure of uranium extends to a distance greater than 
6 x 10 -ia cm. This deduction is based on the following argument. 
When an a particle is released from a nucleus it must gain energy in 
escaping through the repulsive field due to the residual nucleus. If 
the force is given by Coulomb’s law and the particle starts at a dis- 
tance r from the centre of the nucleus, the energy gained by the 
particle in its escape will be 2Ze 2 /r, where Ze is the charge of the 
residual nucleus. Now the a particle of uranium I has an energy 
corresponding to 4 07 x 10 8 electron-volts. The charge on the nucleus 
after release of the a particle will be 90e, therefore the value of r is 
6-3 x 10 -12 cm. Since the value of r will be greater if the a particle is 
released with some initial velocity, this is a minimum estimate for 
the radius of the uranium nucleus. Thus the dimension of the uranium 
nucleus deduced from the energy of the a particle emitted by it is 
nearly twice as great as that indicated by the scattering experiments 
in which a particles are fired at the nucleus. 

This conflict of evidence about the size of the uranium nucleus is 
difficult to reconcile on any theory based on the classical mechanics, 
but it has received a simple explanation on the wave mechanical 
equations, an explanation which has succeeded not only in removing 
this difficulty but also in providing a general idea of the instability 
of a radioactive nucleus and an understanding of the connection 
between the rate of disintegration and the energy of the emitted a 
particles which is contained in the Geiger-Nuttall relation. 

In the following sections of this chapter we shall give a brief 
account of experiments concerning the radioactive nuclei and of some 
hypotheses which have been put forward about their structure. 
Chiefly those experiments have been selected which have a direct 
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bearing on the fundamental difficulty which has been pointed out 
above, that a particles of greater energy than those emitted by a 
nucleus are unable to penetrate it from the outside. 

§ 76. Experiments concerning the radioactive nuclei. Since the 
early days of radioactivity attempts have been made to influence 
the rate of disintegration of the radioactive bodies. The effects of 
temperatures up to 3000° C., of pressures of 20,000 atmospheres, of 
powerful electric, magnetic, and gravitational fields have all been 
looked for, and all in the final analysis without a positive result. 
The stability of the radioactive nuclei against forces of these types 
received an immediate explanation on the nuclear theory of atomic 
structure, according to which the radioactive processes take place in 
the nucleus of the atom where the electrostatic and perhaps also the 
magnetic forces are of a different order of magnitude from those 
which have been applied in the laboratory. A more promising instru- 
ment of attack on the radioactive nuclei seemed to be provided by 
their radiations, and this method has been used in many experiments 
pud by various investigators. In most cases the radioactive substance 
was bombarded by a particles, for these might be expected to have 
the greatest chance of success, but the effects of p and of y radiations 
have also been investigated. 

If the bombardment of the radioactive nuclei by a particles caused 
a very marked disintegration, the rate of decay of a product which 
emits a particles would depend upon its concentration. Such an 
effect has never been observed. Rutherford* found that the rate of 
decay of radon remained constant to within 0*05 per cent, while its 
concentration decreased more than a thousand times. This observa- 
tion was confirmed by the later measurements of Mme Curief on the 
rate of decay of radon. We can conclude from these observations 
that the effect of bombarding radioactive nuclei is not large, but an 
effect of the same order as that found in the case of the lighter ele- 
ments could not be detected in this way. 

An attempt to accelerate the rate of decay of a radioactive sub- 
stance by bombardment with a particles was made by Danysz and 
WertensteinJ. A thin layer of uranium oxide, U 8 0 8 , was exposed for 
six days to the a particles emitted from a thin-walled tube containing 

* Rutherford, Wien. Ber . 120, 303, 1911. 

t Mme Curie, Ann. de physique, 2, 406, 1924. 

X Danysz and Wertenstein, CM. 161, 784, 1925. 
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18 milHouries of radon. If an a partaole which penetrates into or 
very close to the uranium nuoleus wejpe able to cause a disintegration 
* with the emission of an a particle, the rate of decay of the uranium 
would be accelerated and the amount of uranium X present in the 
preparation would increase above the equilibrium amount. The ft 
ray activity of the layer of uranium oxide was therefore measured 
before and after the exposure to the a particles. No change in activity 
could be detected, although a growth in the amount of the uranium X 
corresponding to the amount in equilibrium with 3 mg. of U 3 0 8 could 
have been measured. During the course of the experiment about 
6 x 10 14 a particles fell on the uranium oxide, while the measure- 
ments would have revealed the formation of 1-2x10® atoms of 
uranium X x . Thus under the conditions of this experiment not more 
than one a particle in five million could have been effective in 
accelerating the disintegration of uranium. 

Danysz and Wertenstein made similar experiments in which the 
bombarded substance was mesothorium. In this case the attempt 
was to influence the ft ray disintegration of mesothorium 1 into 
mesothorium 2. The effect of the a particle bombardment was 
observed by measuring the y ray activity of the preparation, which 
is due to the mesothorium 2. The result of this experiment also was 
negative. It was concluded that not more than one a particle in 26,000 
was effective in promoting the disintegration of mesothorium 1 into 
mesothorium 2. 

This question has recently been re-examined by Herszfinkiel and 
Wertenstein*. According to a theory suggested by Rutherford (§77) 
the a particles in a radioactive nucleus circulate as neutralised 
satellites round a central core. In the spontaneous disintegration of 
the nucleus the neutral satellite is supposed to break up, the two 
neutralising electrons go to the central core and the a particle escapes. 
If external action brings about an a transformation, the satellite 
would again break up but it might be that in this case the electrons 
would escape as well as the a particle. Thus a favourable collision of 
an a particle with a radioactive nucleus might on this view result 
in a triple transformation of one a and two ft particles. Such a trans- 
formation would Explain the negative result ^obtained by Danysz 
and Wertefcstein when uranium was bombarded by a particles, for 
the disintegration would result not in the formation of an atom of 
uranium Xj but of an atom of uranium II. This effect would not have 
* Httnszftokiel and Wertenstem, Nature, 1 22, 604, 1828. 
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been detected, by the method employed, and on account of the long 
period of uranium II would be difficult to detect by any method 
unless the disintegration was of very frequent occurrence. 

In the oase of thorium, however, the result of this triple trans- 
formation might be radiothorium. This has a half-value period of 
less than two years, so that a change from thorium to radiothorium 
can be easily detected. Herszfinkiel and Wertenstein accordingly 
exposed thin layers of thorium oxide, containing about 1 mg. ThO z , 
to bombardment of the a particles from a tube containing 28- rililli- 
curies of radon. The a ray activity of the thorium oxide layer was 
measured before and after six days’ exposure to the a particles. No 
change in activity of any of the preparations was found, although a 
difference corresponding to 1/20 mg. of thorium could be detected.. 
Assuming that the result of an artificial disintegration of the thorium 
nucleus is to produce radiothorium, it was calculated from these 
data that not more than one a particle in eight million was effective. 

In some' experiments radioactive substances have been subjected 
to bombardment by cathode rays in a discharge tube. It will be 
sufficient to mention here the experiments of Jorissen and Vollgraf*, 
in which uranium oxide was bombarded for some hours without any 
change in activity which could be detected. Walt rf exposed uranium 
oxide to the X rays from a tube operated at about 200 kilovolts. 
He observed no appreciable change in the ft ray activity of the pre- 
paration, that is, in its content of uranium X. 

A very careful examination was made by HevesyJ, who exposed 
uranium and radium D to the ft and y radiations from 800 mg. of 
radium contained in a thin-walled glass tube.* In^the experiments 
with Uranium, a layer of uranium oxide 2 mm. thick and 1 sq. cm. in 
area was used and the radium tube was placed on it and left in posi- 
tion for six weeks. The ft radiation of the uranium X in equilibrium 
with the uranium was measured before and after the exposure, but 
no change as great as 0-1 per cent, in the ft activity could be detected. 
Now from the quantity of uranium used the hurtiber of atoms 
breaking up per second was 15,000 and the measurements showed 
therefore that the disintegration was not accelerated by more than 
15 atoms per second. Jievesy calculated that about 10 10 y ray quanta 
were absorbed in one second by the uranium atoms. Thus not more 

♦ Jorissen and Vollgraf, Zeit. /. phys. Chem. 89, 151, 1915. 
t Walter, Zeit.f. Phys . 39, 337, 1920. 
t Hevjesy, Nature, 110, 216, 1922. 
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than 15 in 10 10 of the absorbed y ray quanta were effective in 
inducing a change in the rate of disintegration of uranium. 

- In the experiments with radium D, 1*2 gm. of radio-lead chloride 
from Joachimstal was used and Exposed in a similar way to the 
radiations from the radium tube for a period of 51 days. The ft radia- 
tion fcf the preparation, which was due to radium E, was measured 
before and after exposure. Apy change in activity was less than 0-2 
per cent. 

These experiments * show very dearly that any effect of the y 
radiations on thp disintegration of a nucleus must be very small. 
Since the preparations were at the same time exposed to the ft 
radiation from the radiipn tube, HOvesyWesults shotv also that the 
.ft particles are unable to prod ube any detectable change in the rate 
of disintegration of these nuclei. A similar result was obtained when 
the preparations were exposed to intense bombardment by X rays. 

§ 76 a. Scattering of a particles by uraniunl. It has been pointed 
out tfyat & Special interest is attached t6 the examination of the 
scattering of a particles by uranium. It seems on general groimds 
safe to conclude that an a particle of the same energy as that emitted 
by a nucleus should, if fired directly at this nucleus, penetrate its 
structure, while a particles of greater energy should do so even when 
not shot directly at the nucleus. For an experiment of this kind only 
uranium and thorium of all the radioactive elements are suitable. 
The range of the a particle emitted by uranium I, whidh is by far 
the main constituent of uranium, is 2-7 cm., so that on the above 
argument the a particles of radium 1 C' would be able to, penetrate 
with ease into the structure of the uranium nucleus. The scattering 
of these a particles by uranium should therefore show divergences 
from the normal scattering which should be particularly marked at 
large angles corresponding to a considerable penetration into the 
nuclear structure. 

This question was examined by Rutherford and Chadwick* in the 
series of experiments already described in § 45. The apparatus has 
been shown in Fig. 52. A thin film of uranium was deposited by cathode 
sputterixfg on a plate of graphite 1 sq. cm. in area. The thickness of 
the film corresponded to a weight of uranium of 1 mg. per sq. cm. or 
an air equivalent of about 2 mm., but the amount of uranium present 
was too small to enable the thickness to be determined with any 

* Rutherford and Chadwick, Phil. Mag. 5<^ 889, 1925. 
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accuracy. The scattering of a particles by this film was examined at 
<a fixed mean angle of 135°. The source of particles was radium 
(B + C), and beams of different ranges weye obtained l\y placing suit- 
able absorbing screens over the &urce. for each set of a' particles 
the scattering by the uranium film was compared with that by a 
thiit gold foil. Experiments, described ip § 45, had shown that the 
scattering by gold was normal over the. whole range under examina- 
tion. Within the error of experiment the scattering was parallel to 
that of gold, and there was thus'ne indication of a departure from 
the usual laws. In these experiments the distance of approach of 
the a particle to the uranium nucleus was f 
varied from 4 x 10 _1> cm. to 8 x ID -12 cm. 

Special attention was paid to the scatter- 
ing of particles of 4 to 2-5 cm. range, 
corresponding to distances of approach 
between 6 and 8 x 10~ 12 cm., for the 
reasons prt viously discussed. On account 
of the straggling of the a particle beam 
it was difficult to make accurate com- 
parisons for low values of the range, but 
any marked divergence from the normal 
scattering would have been detected. 

Fin t her, the absolute magnitude of the 
scattering of a particles of 6-7 cm. range 
was consistent with a nuclear charge of 
92e, but again the error of measurement 
was large, about 20 per Cent, in the number of scattered particles or 
10 per cent, in the nuclear charge, owing to the difficulty of finding 
the thickness of the uranium film. 

In some as yet unpublished experiments by Chadwick the scattering 
of uranium has been re-examined, using the annular ring method. The 
arrangement is shown in Fig. 91. The uranium film, deposited as 
before on a sheet of graphite, was placed at F ; the source of a particles, 
radium (B + C), was at R y and the scattered particles were counted on 
the zinc sulphide screen Z. The average angle of scattering was 155°. 
As in the above experiments, beams of a particles of different velo- 
cities were used, but here attention Was mainly directed to the 
sea* tering of the faster partieles. It was found that the number of 
paiticlos scattered to the screen Z was proportional to the fourth 
power of the velocity ^of the incident a partiolds within the experi- 
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ftiental error of about 5 per cent. It follows therefore that the force 
between jfche uranium nucleus and the a particle cannot diverge 
{Appreciably from €oulomb’s law at the distances examined in these 
collisions, from 5*9 x 10~ 12 cm. to 6*5 x 10~ 12 cm. 

In both experiments the ranges of the particles scattered from 
uranium Were examined, but no evidence was obtained that any 
particles were present which, had ranges differing from those to be 
expected on the normal collision relations. 

§ 77. Theories of the structure of the radioactive nuclei. The 

problem of the structure of nuclei and in particular of the radio- 
active nuclei with which we are here concerned offers a very wide 
field for speculation owing to the lack of adequate control by experi- 
ment. In the course of the last few years innumerable suggestions 
have been made, some of which have been useful in connecting 
hitherto unrelated facts or in pointing out regularities, some have 
been purely arithmetical formulations, and some have had little 
value other than their novelt}'. A glance at the table of transforma- 
tions of the radioactive substances is sufficient to reveal a striking 
similarity in the progress of the disintegration through the three 
series, a similarity which is even more remarkable whan the rates of 
disintegration of corresponding elements are compared. It is there- 
fore not surprising that a number of interesting relationships have 
been established between the characteristics of the radioactive atoms, 
many of which have been different formulations o£ the same regularity. 
While it may be possible later to explain some of these suggested 
rules and hypotheses in terms of the structure of the radioactive 
nuclei, only one, the Geiger-Nuttall relation, has so far proved of real 
interest in this connection. This relation has already been described 
in § 35. t / 

In this survey we shall direct attention to. those hypotheses of 
the structure of the radioactive nuclei which have Attempted to 
give a quantitative rather than a qualitative description of the facts 
of*jradioactivity. It has already been stated that a general explana- 
tion of the a ray disintegration of a nucleus lias now been given. 
Jbe earlier hypotheses are mentioned partly for their historical 
interest, but mainly to show the difficulties which were encountered 
in this problem on the laws of classical mechanics and to bring out 
the beautiful simplicity of the solution offered by the new quantum 
mechanics. 
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One of the earliest theories of the radioactive nucleus was put 
forward by Lindemann* to account for the exponential law of trans- 
formation of the radioactive elements and to give* a derivatiop of 
the Geiger-Nuttall relation. He supposed that a nucleus contains 
particles in movement and. that it .becomes unstable when N in- 
dependent particles, which rotate or oscillate with a mean frequency 
v, all pass through some “unknown critical position within a short 
interval of time t. When this condition is fulfilled, the nucleus dis- 
integrates and emits an a particle of energy E = hv. Each* particle 
passes through the critical region v times per second, so that the 
probability of its being there within the time r is tv. Since the 
particles are supposed to move independently, the probability of N 
particles traversing the critical position within the time r is (tv) v . 
In a very large number X of similar nuclei the number which become 
unstable and disintegrate in the time dt is 

dX = - X (rv) N dt t 

whence X = X 0 e“ (rr)V< . 

The radioactive constant A is thus equal to (rv) v = (r//t)* v .J5 v . The 
range R of the a particle is connected with its energy E by the relation 
R = lE^ t and therefore we can write 

log A - X.log (t/M*) 4 IN log R. 

This is of the same form as the Geiger-Nuttall relation 
log A = A 4 B log R. 

Since the experimental value of B is about 53, it follows on com- 
paring the constants that N is about 80. 

Lindemann made the further assumption that the short time r is 
to be regarded as the time taken by a strain to traverse the nucleus 
and he calculated the order of magnitude of the velocity propaga- 
tion of an elastic waVe in the nucleus in terms of its mass, charge, 
and its unknown radius. This enabled him to express the constant- 
. 1 in the relation in terms of known quantities and the radius of the 
nucleus. By comparison with the experimental value of A he deduced 
a value for the radius of the radium nucleus of about 4 x 10~ lS cm. 

This theory provided an explanation of the probability nature bf 
the transformation law by making the disintegration depend on $ 
large number N of independent factors. Since the weights of the 

Lindema*n, Phil. Mag. 30, 560, 1915. 
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radioactive atoms are about 220 to 230 and the nuclear charges 80 
to 90, the theory gives a reasonable value to N consistent with the 
general idea that the moving particles whose position determines 
the stability of the nucleus are positively charged particles. Tlje 
value obtained for the radius of a nucleus is small but of the order of 
magnitude expected. The objections to this theory are however many 
and obvious, and in spite of its success in the above points it remained 
an artificial conception which was never developed further. 

A theory of the structure of radioactive nuclei was suggested by 
Rutherford* in 1027 to explain the origin of the a particles. This 
theory^ endeavoured to reconcile the conflicting conclusions about 
‘tile dimensions of the uranium nucleus derived from the energy of 
the emitted ■ a particle and from the scattering experiments of 
Rytherford and Chadwick. The latter authors, in order to account for 
theif results, suggested that the uranium nucleus might consist of a 
central core surrounded by satellites which might be either neutral 
doublets or a system of positive and negative charges with a very 
small net charge. Rutherford assumed that the nucleus of a radio- 
active atom consists of a very small core of radius less than 1 x 10~ 12 
cm. surrounded at a distance by a number of neutral satellites 
describing quantum orbits in the field of the central nucleus. Some* 
at least of these satellites are neutral a particles in which the neu- 
tralising electrons are more closely bound than in the free helium 
atom but not so closely as in the a particle. A neutral a satellite is 
regarded as 'Stable only in very strong electric fields. The neutral a 
satellite is held in equilibrium by attractive forced due to the dis- 
.toftion or polarisation of the satellite in the field of the central 
nucleus. He showed that the foroe duo to polarisation is of the right 
order of magnitude to hold the Satellite in quafitised orbits of radii 
between 1*5 x 10~ 12 cm. to 6 x 10“ l2 cm. The quantised orbit is 
essential to provide for the well-established fact that the a particles 
areriiberated from a radioactive nucleus at a definite velocity cha- 
racteristic of the element.. The act of disintegration consists on this 
theqry in the escape of a-neutral a* satellite from its orbit; when 
the satellite reaches a certaih distance from the nucleus where the" 
electric field has a certain critical value, the neutrajising electrons 
breaftt off and^retmsh to the core and the satellite finally escapes as a 
rformal a particle. *The energy of escape of the a particle will depend 
<Jn the qharge on the nucleus and on the quantum number of its 
Rutherford, Phil. Mag. 4* 580, 1927. 
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orbit. The calculation of the energy is somewhat involved $nd will 
not be given here. In order to compare the results of the calculation 
with the experimental values three constants must first be fixed in 
addition to the value of the quantum number. These constants were 
fixed to* ensure the best agreement with the a ray bodies in the 
teanium-radium' series. The calculations then gave with the same 
constants very fair agreement with the observed energies of emission 
of the a particles of the thorium and actinium series, by substituting 
the known value of the nuclear charge and by suitable choice of the 
quantum number. The ranges of the long range a particles were also 
calculated with reasonable success. It has already been stated that 
the theory gives suitable radii to the orbits of the satellites. Tho 
dimensions of the satellite were also calculated and shown to agree 
with the apparent size of the a particle deduced from scattering 
experiments.. The theory was also applied to considerations of the 
energy levels in the nucleus and the emission of y rays. 

This theory gives no clue to the exponential law of transformation 
of the radioactive elements or to the Geiger-Nuttall relation, but is 
concerned solely with the energy relation^ of the nuclear changes. 
Apart from certain difficulties in connection with the assumptions 
involved, the theory is open to the objection tha* it does not explain 
why. in experiments where a particles of high energy are shot at the 
uranium nucleus, no evidence is obtaiiied either of disintegration of 
the nucleus or of any departure from Coulomb forces. It might be 
possible to show that ,on this theory, the departure from Coulomb 
forces would not be very marked, but the penetration of an a particle 
into the satellite system should produce a disintegration. . * 

A theory somewhat similar in general outline was put forward at 
the same time by ISnskog*. Ho assumed that the a particle is held in 
equilibrium in t tie nucleus under the combined action of the Coulomb 
force of repulsion and an attractive magnetic force. He considered 
fir3t the case in which the a particle and the small residual nucleus 
are at rest. If the particles have magnetic /noments fi x , ^ respectively 
and are placed so that their moments are-in thosame directidn and in 


line, the foremen the potential of the a particle will be a maximum at a 

rliafanno «• — / *1 — T 7 \ _ 2 ^'E 


distance r 0 = and the maximum value will b6 V (rj = § . 

Ei skog then assunied that the a particle rotates around the nucleins 
in the attractive field within the critical distance r 0 . It has therefore 


* Enskog, Zeit. f* Phps. 45 , 852, 1927; 52 » 203, 1928. 
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a potential energy less than V (r 0 ). >In some way it happens occa- 
sionally that the a particle acquires sufficient kinetio energy to enable 
it to pass over the potential barrier. Cases in which it receives more 
than what is exactly neoessary to escape are supposed to occur 
much less frequently. After the escape the total kinetic energy of the 
a particle and the recoiling nucleus corresponds to the, potential 
energy V (r 0 ). Putting = y./x 2 , where /x is the moment of the 

Bohr magneton, Enskog obtained a fair agreement with the known 
velocities of the a particles of the uranium-radium series by giving 
values to y such as 1, etc. The value of r 0 ranged from 2 to 
4 x 10~ 12 cm. This model of the nucleus was then developed by 
assuming the a particle to rotate round the nucleus in a quantum 
orbit. The magnetic moments of the a particle and the residual 
nucleus were now supposed to be anti -parallel and in a direction per- 
pendicular to the plane of the orbit. He took the moment of the a 
particle to be one Bohr magneton and that of the residual nucleus to 
be 2 y, so as to give the same value for V (r 0 ) as before. He then cal- 
culated the effects of the magnetic force on the moving charge and 
of the electric force on the moving magnet. With the assumption of 
quantum numbers vaiying from — 1 to + 5, he was able to improve 
in this way the agreement between his calculations and the experi- 
mental values of the energies of the a particles emitted in the three 
radioactive series. The agreement was good" in the case of most 
elements, but perhaps not better than could be expected when there 
aie two constants which can be adjusted to suit each particular case. 

This theory is open to most of the objections which have been 
raised in the previous discussions, and to the further objection that 
it postulates a considerable magnetic moment for the a particle, 
whereas, as we have seen on p. 270, the evidence from the band 
spectrum of the helium molecule shows that the helium nucleus has 
no magnetic moment whatever. 

* *' * 

§ 77a. Application of the quantum mechanics. A*simple explana- 
tion of tfie ractidhctive disintegration and a solution of the apparent 
conflict of evidence between the radioactive data and the scattering 
results was ofieijed simultaneously by Gamow* and^by Gumey and 
Condonf oft the baas of the new quantum mechanics. In this ex- 
planation it is assumed that there is an attractive force between the 

* Gamow, Ztit.f. Ph$s. 51, 204, 1928. 

f Gumfcy and Condon, Nature, 122, 439, 1928. 
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« particle and the nucleus which varies rapidly with the distance. 
The potential energy of an a particle in the field of, say, the uranium 
nucleus varies with the distance as shown by the curve of Fig. 92. 
Divergences from the Coulomb law begin to be appreciable at a 
distance r', say*, while the region investigated by the scattering 
experiments is not closer than r\ At distances smaller than r 0 the 
force of attraction is greater thai^the Coulomb force and within this 



region the a particle will circulate in a quantum orbit. Its motion is 
not stable for its energy is positive, and any disturbance should cause 
the a particle to,, fly away. In order to get away the a particle must 
crops the potential wall of height U 0 . For example, the value of U 0 
for the nucleus of uranium I must be greater than the energy of the, 
a particle of radium C^, 7-66 x 10 6 electron-volts, represented by the 
potential at r # in the figure, while the energy of the a particle emitted 
by uraitiupi I is 4*07 x 10* electron-volts, represented bv the potential 
at r x . In order to escape, this a particle must cross the region between 
r x and r % in/frhich its kinetic energy isTiegative. On classical mechanics 


* . 
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this is not possible, hut the difficulty ho longer exists when the 
“ problem is considered fron* the point of view of the wave mechanics. 
On the wave* mechanics a partied always possesses a finite chance of 
passing from one region to another of the same energy even when 
the two regions areyfeeparated by a potential wall of finite magnitude. 

The problen* of the emission of an a particle from the interior of 
a nucleus i§ analogous to the escape of an electron from a metal. 

; A metallic body with its free ‘electrons may be likened to a box filled 
with standing waves arising from the reflection of the electron waves 
at the walls of the box. When the waves are totally reflected at the 
walls, a wave disturbance is propagated through the walls into the 
surrounding medium, exactly as in the corresponding optical pheno- 
menon. The square of the amplitude of the disturbance represents 
‘the probability of the escape of an electron from the interior of the 
metal into free space* 

In the present case the potential hump U 0 is the wall of the box. 
The a particle inside the nucleus will have a finite chance of escapo 
which will be greater the greater its energy E $ Thus there will be a 
relation between the energy of the a particle .and the disintegration 
constant of the nucleus. The exact nature of this relation depends on 
what assumptions are made about the shape of the potential curve. 
F6p a first approximation Gamow assumed a very simple form for 
the field round the nucleus in order to allo\V a simple solution of the 
wave mechanical equations. The relation found between the trans- 
formation constant A and the energy of the emitted a particle was 
of the form ? * * 

log A = const, -f b.E , * 

where b was a constant for all radioactive nuolei. This corresponds 
apprQximately to the empirical relation of (Jeiger and Nuttall, and 
the calculated value of b agreed well with the experimental value. 
The theory indicated that the relation between log A find E is not 
• strictly liqear b\^t that as E increases^ must decrease, i.e. log A 
increases ’less rapidly than E. This agrees with the measurements of 
Jacobsen on the period of radium C', which is much* less\than the 
value calculated from the Geiger-Nuttall relation. 

In a later paper, Gamo# aftd Houtermans* made a close! 4 approxi- 
mation in the calculation ofthe chance of disintegration of a nucleus 
on this theory. It w|w assumed that the potential jpurve A'B'C 

\ Gamow and Houtermalb, Zeit.f. PAy*.$2,*453,192$t 
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(Fig. 92) would provide a good approximation^ the true curve and 
would not seriously' change the value of tbe diskitegtation-*constant. 
The potential curve is then that given by, Couloinb’s*<law up to a 
distance r 0 ', when it falls very rapidly to a constant value less than 
E , the energy of the a particle, in the nucleus. The solution of the 
wave equations for this model gave the value of A in terms of the 
velocity of the a particle and the charge contained within the orbit 
of the a particle, which was assumed to be two units less than the 
atomic number of the nucleus. Taking the known values of A and 
velocities of the a particles for the radioactive emanations, the radii r 0 
of these nuclei were deduced. The results are given in the table. 



r o 

A 

Ration 

Thoron 

Act in on 

7-35 x 10- 13 cm. 

7-25 

6*63 

6*15 x 10~ 13 era. 

5-74 

5*50 


The values of r 0 are in each case close to the values of A, the de Broglie 
wave-length of the particles, which are given in the last column of 
the table. 

For the purpose of investigating how far the theory was able to 
give a quantitative agreement with the observed disintegration con- 
stants, it wa§ assumed that the value of r 0 for a radioactive element was 
the same as that given above for the emanation of the same series. 
The disintegration constants of all the a ruf Clements were calculated 
from the nuclear charge and the velocity, y, of the a particle. The results 
for the uranium-radium series are shown in Fig. 93, where log A is 
plotted against log v. 

The comparison of theory and experiment shows a general agree- 
ment which is very satisfactory in view of the approximations made 
in the calculations. The deviations shown by the bodies at the 
extremes of the series may perhaps be attributed to a progressive 
chaAge in the radius of the nucleus such that the radius decreases as 
me disintegration proceeds. The Jumps in the Geiger-Nuttall curve, 
at radioactinium for example, are to be ascribed to the change in the 
nuclear charge, which jumps by two \mit£. The jump is smaller in 
the calculated than in the experimental values. This may be due 
pa tly to the change in radius, which has not been allowed for, but 
partly also to the assumption which has been made that the charge 
of the nucleus within the orbit of the a particle was two units less 
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than the nuclear charge. This may not be quite true, for it is possible 
that some at least of the electrons which are emitted in the £ ray 
disintegrations are further from the centre than the a particles and 
should therefore not be included in the charge of the residual 
nucleus. 



We may conclude that this application of the quantum mechanics 
is not only able to solve one of the chief difficulties in any picture of 
the radioactive nucleus but that it gives a satisfactory and quanti- 
tative explanation of the Geiger-Nuttall relation. While the main 
ideas and results are not contradicted by any known experimental 
facts, the theory is naturally still in a tentative form. It will be of 
great interest to see whether it can be developed further to account 
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for the energy of emission of all the radiations in the radioactive 
transformations and to give information on the detailed structure of 
the nuclei. It may be noted here that the theory demands that the 
potential barrier around the radioactive nuclei must correspond to 
about 20 million electron-volts. It is not possible to obtain direct 
experimental evidence on this point .without the use of much swifter 
a particles than are available today. 

§ 78. Evidence from jS and y transformations. We have so far dealt 
almost exclusively with the problem of explaining the disintegration 
of a radioactive nucleus which results in the emission of an a particle. 
We shall now consider very briefly what evidence about the structure 
of the nuclei can be derived from the study of the ft and more par- 
ticularly the y transformations. 

It will be seen later that the y radiations are emitted after the 
actual disintegration of the nucleus, and can be considered as due to 
its reorganisation. They constitute the spectrum of the nucleus and 
as such should provide valuable evidence about its structure. The 
range ut wave-lengths in the y radiations is less extended than one 
might expect from the great difference in the energies of the dis- 
intmation particles expelled by radioactive nurlei. The a particle 
of radium O' has an energy of seven million electron-volts, while the 
/2 particles from radium D have energies of the order of thirty thousand 
volts. Now \vhile the highest frequency y ray of which we have definite 
evidence has an energy corresponding to nearly three million volts, 
the greater number have energies in the region of two hundred to six 
hundred thousand volts. It would appear, if the analogy is permis- 
sible, that the y radiations are the optical spectra of the nuclei, a 
view that is supported by the essential similarity of the radiations 
from different radioactive bodies. We are thus led to look for the 
origin of the y rays either in some satellite in the outer regions of 
the nucleus or in some general property of the whole nucleus, such ds 
rotation. 

There are two lines of evidence which suggest that the y rays 
cannot be emitted by the electrons in the nucleus. The first of these 
is a theoretical argument advanced by Kuhn. Combining the 
classical wave theory of radiation and the quantum view that 
emission is due tg transition between two stationary states, Kuhn* 
deduces that the half width v' of a y ray fine of frequency v should 
* Kuhn, Zeit.f. Phys.AS, 50, 1927. 
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have approximately the following value due to radiation damping 
alone : 

- ?0 . 

9i , 

In this equation g x and g 0 are the statistical weights of the two states 
and / a constant which characterises the strength of the line. For a 
first approximation we may put both g 0 /g 1 and / equal to unity. 
Taking the values of e and m appropriate to the electron, we obtain 
for a y ray of frequency corresponding to a wave-Jength of 20 X U 
or an 'energy of 600,000 volts a half width, expressed in volts, of 
10,0d0 volts. This represents a degree of inhomogeneity of the y ray 
of 1 in 60. Now the ft ray lines observed in the natural spectrum 
have been found to follow closely the theoretical form calculated for 
homogeneous particles, and the small degree of inhomogeneity which 
is found, rather less than 1 in 1000, may be partly instrumental. 
The y rays which by their conversion in the atom give rise to these 
p ray lines cannot therefore be heterogeneous to an extent of more 
than 1 part in 1000. Even if allowance be made for the approxima- 
tions for g 0 /g l and /, it appears Unlikely that the y rays can be emitted 
by electrons. This argument thus suggests that tfie system responsible 
for the y ray emission has a small value of e/m; the system may be 
a proton, an a particle, or the nucleus as a whole. 

The second argument against the electron as jfhe emitter of the 
y radiation follows from the experimental evidence that the disin- 
tegration electrons are not expelled from the nucleus with a definite 
velocity but with some one velocity within a certain range, this range 
only being characteristic of the radioactive body. The question as to 
how this occurs will be discussed later ; it appears that on almost any 
theory the electrons, if free in the nucleus, must be associated with 
an indefiniteness in energy that is quite incompatible with an emission 
by them of homogeneous y rays! 

A promising line of advance is to attempt to construct a system of 
nucldir levels, which will account for the y rays. There is indubitable 
evidence* that level systems must exist, for in every spectrum in- 
vestigated a great ntfmber of combination frequencies are found, 
that fe, three y rays are found to satisfy the relation v t -f v % * v z . 
Level systems have been proposed for radium B, radium Cf, thorium 

* Eftia, Proc. Roy. Soc. A, 101, 1, 1922. 
f Ellis and Skinner, Proc. Roy. Soc. A, 106, 186, 19£4. 
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C, and mesothorium 2* which give a satisfactory account of the 
y rays, but the difficulty arises that the accuracy of measurement 
of th6 frequencies of the y rays i a not sufficient to determine the level 
system uniquely. Upually on# finds three or four possible alternatives, 
and some general principle is required to enable the final decision to 
be made. A knowledge of the absolute intensities of the y rays will 
be of great value in this connection,, the absolute intensity is the 
probability that a quantum of the y ray will be emitted at any speci- 
fied disintegration. Since at each' disintegration there can be only 
one excifation of the level system, we obtain a criterion whether any 
given level system is possible or not. For example, it is clear that the 
sum of the intensities of the y rays represented by transitions from 
one level must never exceed unity. We can go further than this and 
obtain a xpore exact criterion. If we define as the cross-sectional 
intensity the sum of the intensities of all y rays whose transitions pass 
over the interval between two neighbouring levels, whether they 
begin or end on these levels or not , then this cross-sectional intensity 
must never be greater than unity. This is simply an expression of the 
physical iissumption that there is only one excitation at each dis- 
integration. The methods of measuring the intensities of y rays are 
described in § 1 15, but they have not as vet been ca< ried to a sufficient 
accuracy to be decisive for this purpose. 

Wf* have finally to consider the role of the electrons in the nucleus 
and tiie proolem presented by the continuous distribution of energy 
among the expelled electrons. Since the energy of disintegration 
varies, it would appear that at some stage all the nuclei of a particular 
species cannot have the same total energy. This is often considered 
to be incompatible with the definiteness of the subsequent a particle 
disintegrations, so that it has been questioned whether it is correct 
to expect the conservation of energy to apply to each nucleus in- 
dividually. This point of view has been particularly developed by 
C*. P. Thomsonf, w r ho considers that an identical w r ave-packet, re- 
presenting the electron, is emitted by each nucleus. This w r ave-pp»cket 
is analysed by the experimental method of observation in a maimer 
somewhat similar to the mode of action of a grating, but in any 
particular case the motion of the electron corresponds to one out of 
the infinite number of Fourier components. It is however by no 
memS' certain that the primary assumption is correct that all nuclei 

* Black, Proc. Soc. A, 106. 639, 1924. 

t G. P. Thomson, Phil. Mag . 7, 405, 1929. 
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of one species must have exactly the same total energy if they are 
subsequently to show the same % behaviour. The experiments on the 
artificial disintegration of aluminium have suggested that nuclei of 
the same species can exist with different total energies, and we have 
no njeans of estimating to w'hat extent, if any, small variations in 
this energy will affect subsequent a and y ray emissions. It is there- 
fore a possible standpoint to suppose that the continuous spectra 
show ihe actual energies of expulsion of the individual electrons and 
we must search for some mechanism that will cause this to happen. 

This introduces the question of the role played by the electrons in 
the nucleus. There are many facts which suggest, although they do 
not prove, that electrons do not exist in the free state in the nucleus 
but are in a state of close combination with a particles. The resulting 
particles are usually called a' particles and are considered to be an 
a particle with two electrons in such close combination that the 
whole is of nuclear dimensions. Harkins* and Mcitnerf called atten- 
tion to the possibilities of this idea and it has been used subsequently 
by Rutherford It gives expression to the well-known fact that in 
the radioactive series ft ray disintegrations are associated in pairs. 
Further, the results of Aston have show r n that the majority of atomic 
species have an even number of electrons in the nucleus, and that, if 
the abundance of the elements is taken into account, it is true of the 
overwhelming majority of existing nuclei. It is certainly more satis- 
factory to imaging the nucleus to be built of particles all of com- 
parable mass and similar charge, existing inside a potential barrier 
of the type already referred to; owing to the large masses of the 
particles, it is possible for their de Broglie w'ave-lengths to be of the 
order of the dimensions of the nucleus without supposing them to 
have unduly high energies. 

* Harkins, Joum. Arner. Chem. Soc. 42, 1966, 1920. 

f Meitner, Zeit. f. Phys. 4, 146, 1921. 

{ Rutherford, Phil. Mag. 4, 580» 1927. 



CHAPTER XII 

p RAY AND y RAY SPECTRA 

§ 79. Introduction. The ft rays from radium and other radioactive 
bodies were early shown to consist of a stream of- electrons projected 
with a wide range of speed, the,swifter ones with a velocity close to 
that of light. Apart from a study of the apparent absorption and 
reflection of the ft rays from different radioactive substances in 
traversing matter, further progress was comparatively slow, and it 
was not until recent years that a clear idea was obtained of the 
origin of the p rays and of their connection with radioactive trans- 
formations. 

Compared ^ith the complex emission of $ rays, a study of the 
homogeneous emission of a particles and their absorption by matter 
presented a relatively simple and direct problem, and in a surprisingly 
short time the main facts of the material nature of the a rays and 
their ongin were established and the results interpreted in terms of 
^he transformation theory. 

Radioactivity "was then at once recognised to be an aotuafl dis- 
integration of the nucleus, which in the a ray case consisted in the 
emission of a helium nucleus and in the ft ray case of an electron from 
the nucleus. These disintegration particles had to be distinguished 
from any subsidiary electrons that might be detached from the outer 
electronic levels during the disintegration. It will be seen later that 
this separation has been rendered possible by the recognition of the 
important part played by y rays in the disintegration. 

The early experiments on the nature of the radioactive radiations 
had shown that, in addition to the corpuscular a and p rays, there was 
also a third type, the y rays, whose properties showed them to be 
electromagnetic radiations of high frequency. The emission of y rays 
seemed to be the usual accompaniment of a p disintegration and was 
thought to be due to a reorganisation after the disturbance caused by 
the departure of the disintegration electron. Careful investigations by 
the absorption method of the y rays emitted suggested that some at 
least were similar to the characteristic X rays discovered by Barkla 
and Moseley, indicating an action of the nuclear y rays on the outer 
electronic structure. Since it was already known that an interaction 
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of this type would involve the emission of high-speed electrons, it 
seemed possible that part of the electronic emission of a ft ray body 
might be due to this cause. 

The important work of von Baeyer, Hahn and Meitner had already 
shown the presence of definite groups of electrons with characteristic 
speeds in the emission of most ft ray bodies. A new orientation of 
our ideas came from the experiments of Rutherford and Robinson, 
who investigated the electronic emission occurring when the y rays 
passed through ordinary matter. They found that the characteristic 
groups of electrons again appeared, showing that these groups were 
a secondary effect and could not form the disintegration electrons. 
They also noticed that the velocity of these groups changed slightly 
from metal to metal and suggested that this effect would lead to a 
clear understanding of their origin. At this stage the War intervened 
and the experiments had to be broken off. 

In 1921 further experiments were made on this subject which dis- 
closed not only the origin of these ft ray groups, but also gave a 
method of determining the frequencies of the y rays. It appears that 
in a ft ray disintegration there are only two main phenomena, the 
emission of the actual disintegration electrons, and the emission of 
nuclear y r$ys. There are, however, many secondary effects, of which 
the chief is the relatively frequent conversion of these y rays in the 
outer electronic structure apd consequent emission of high-speed 
photo-plectrons. These electrons form the characteristic groups 
already mentioned, and have proved subsequently to be of great 
importance for the information they yield about the disintegration. 
This is by no means the only secondary effect, for following this there 
is a succession of X ray and electronic emissions from the outer levels. 
When all these effects are superimposed on the results of the original 
disintegration, which by itself is sufficiently complicated, the com- 
plexity of the whole emission can easily be realised. 

It is simplest to illustrate the general behaviour by reference to 
a particular case, such as radium B. This body is an isotope of lead, 
with atomic weight 214, and atomic number 82. It is formed from 
the preceding body radium A by the ejection of an a particle, and 
has an average life bf about 39 minutes. During this period it behaves 
like an ordinary lead atom until for some cause of which we are 
ignorant the disintegration commences. The whole disintegration 
takes an extremely short time, how short is not known, but it is 
important to consider the sequence of the various events since this 
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has a bearing on the interpretation to be placed on the experimental 
results. The first event is the actual disintegration, which is the 
ejection from the nucleus of a high-speed electron. This electron will 
be called the disintegration electron and the ejection is the funda- 
mental phenomenon, since it leads to a change in the atomic number 
and the formation of a fresh atom. In the case of radium B, before 
the emission of the disintegration electron, the atomic number is 82 
and the atom is isotopic with lead, after the ejection the atomic 
number is 83 and the atom is isotopic with bismuth. The new atom 
is called radium C, but it is more convenient to reserve this term for 
the relatively stable atom existing after all the secondary effects 
resulting from the disintegration have taken place. The next pheno- 
menon after the disintegration electron has been ejected is the emission 
of y rays, which is considered to be a direct result of the departure of 
this electron. There is evidence which indicates that in the normal 
i idioactive atom the constituents of the nucleus are arranged in 
stable quantum states. The departure of the disintegration electron 
loaves th«* nucleus in an excited state and there will be a transition 
from one stationary state to others of lower energy with the emission 
of radiation. These radiations, the y rays, represent the characteristic 
frequencies of the nucleus and, owing to the large forces in the nucleus, 
have usually very short wave-lengths. At the moment we need only 
note that the emission of the y rays is the second main phenomenon 
in the disintegration and completes the part played by the nucleus. 
There arc many other secondary effects but they all take place in the 
outer electronic system, and although they give valuable information 
about the disintegration they are not directly concerned in it. The 
greater proportion of the y rays which are emitted from the nucleus 
escapes from the atom, and forms the y radiation which is such a 
noticeable accompaniment of the ft ray disintegration, but there is 
a fraction of the.y rays absorbed in the outer electronic structure of 
the same atom Which emits them*. 

The result of this absorption of the y rays is the emission of high- 
speed electrons whose energy depends both on the frequency of the 
y ray and the stationary state from which the electron comes. If v 

* It ia not yet settled whether the y rays are actually emitted from the nucleus 
and hen reabsorbed in the electronic structure, or whether there is some kind of 
coupling between the nucleus and the outer electrons so that the extra energy of the 
nucleus appears at once as a high-speed electron. For convenience the former point 
of view is used in this preliminary account. 
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denotes the frequency of one y ray, then, according as it is converted 
in the K t L v L IV L uli M of“ N levels, there will be an electron of 
energy 

hv — K, hv — Li, hv — Ln , . . . , 

where K , L Y , L u , ... denote the absorption energies of the levels, that 
is, the energies necessary to remove an electron from the level to a 
position at rest outside the atom. 

It can now be seen that if the radioactive substance emits y rays 
of several frequencies, then, since each one of these frequencies can 
give rise to as many different speed electrons as there are stationary 
states in the outer electronic structure, the result will be a whole 
series of groups of electrons of discrete arid characteristic energies. 
These groups can be separated out by a magnetic field, and when 
recorded by a photographic plate give a picture not imlike an ordinary 
line spectrufn. For this reason these electrons are usually referred 
to as the magnetic line spectrum or simply the P ray spectrum. 

Supposing this internal conversion of the y rays to occur in about 
one-tenth of the atoms which disintegrate, then this fraction of the 
atoms will now be capable of emitting the ordinary characteristic 
Xraytf. For instance, an atom in which a y ray from the nucleus was 
converted in the K level will now be in a position to emit some line 
of the K X ray spectrum, say A r rt , by the transition of an electron 
from the L level to the vacant place in the A level. Hence the next 
contribution to the total emission during disintegration is the entire 
X ray spectrum. Again, there is also the phenomenon of internal 
conversion of these X rays, giving a secondary magnetic line spectrum 
of considerably lower energies of which a typical example is the K a 
radiation being converted in the L level, giving a group of energy 

hv K/i - L. 

Neither the X rays nor the secondary magnetic spectrum resulting 
*rom them show any trace of th© particular y ray causing their 
excitation, but are characterised only by the atomic number of the 
atom from which they come. 

The process of disintegration involves a change from a normal 
radium B atom to a normal radium C atom and the start of this 
process is the emission of the disintegration electron. Once this has 
happened, all that follows is a gradual settling down into a normal 
radium C atom. It vtUl be noticed that all the subsequent emissions 
are from an excited radium C nucleus and the electronic system of 
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a radium C atom. To this extent then we must consider that these 
radiations show us the structure of the radium C nucleus and not the 
radium B nucleus, but since experimentally they can be obtained 
only from a radium B source and not from a radium C source (which 
gives the change 83-84) it is convenient to refer to them as belonging 
to the radium B disintegration. For this reason the y rays and primary 
magnetic spectrum will always be given jn the tables under the head- 
ing of the atom whose disintegration causes the emission. It may 
be noted at this point that several lines of evidence indicate clearly 
that these secondary processes, and in particular the emission of the 
y rays, occur after the disintegration, i.e. after the expulsion of the 
primary disintegration particle from the nucleus. 

§80. ft ray spectra. The discovery of the homogeneous groups of 
electrons emitted by jS ray bodies is due to the work of von Baeyer, 
llahn and Meitner*. 

In the years before 1910 great deal of work had been carried out 
on the absorption of the various ft radiations in matter. It had been 
found that in most cases the absorption curve in aluminium, for 
example, was exponential or could be expressed as a superposition 

f two or more exponential curves, and a considerable amount of 
discussion had centred round the point whether this result was 
evidence of the homogeneity of the rays. To test this point directly 
von Baeyer, Halm and Me tner investigated the velocities of the 
electrons by determining their magnetic deflection. The apparatus 
they used was similar to that employed for determining the velocities 
of a rays and is shown in Fig. 7, p. 42. The source of radiation was 
a fine wire which had a thin layer of the radioactive body deposited 
on it. A weak magnetic field was applied perpendicular to the plane 
of the diagram and the thin sheet of rays from the source passed by 
the slit was bent in a circle whose radius was determined by the 
speed of the particles and the strength of the magnetic field. If all 
i ' e electrons emitted from the source had the same velocity, then 
there would be only one line recorded on the photographic plate, 
whose displacement from the central line obtained with no magnetic 
field would give the velocity. Actually the results were more compli- 
cated, as can be seen from Plate XI, fig. 1, which is a reproduction 
of x photograph obtained by von Baeyer, Hahn and Meitner using 

* von Baeyer and Hahn, Phys. Zeit. 11, 488, 1910. von Baeyer, Hahn and Meitner, 
Phys. Zeit. 12, 273, 378, 1911 ; 13, 264, 1912. 
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mesothorium 2 as a source. Several well-marked lines can be seen of 
about the width to be expected from the dimensions of the source 
and the slit if homogeneous groups of ft rays were emitted. 

It is a curious fact and one of some interest that while these homo- 
geneous groups of ft rays discovered by von Baeyer, Hahn and Meitner 
have proved of the greatest importance they were not the disintegra- 
tion electrons at all. The disintegration electrons are spread out in 
a continuous spectrum and although they are present in considerable 
excess the sharp lines due to the groups are far more prominent. 



After the initial discovery it was clearly a matter of importance 
to obtain a better method of investigation of these groups, one that 
gave more detail, since it can be seen from the plate that this experi- 
mental arrangement could not hope to provide great accuracy. The 
so-called focussing method was introduced by Danysz/in 1913 and 
developed by Rutherford and Robinson. It proved an immense im- 
provement on the earlier method and has subsequently been used 
very widely. 

The method is illustrated in Fig. 94. The source of the ft radiation 
is placed at S. Usually the radioactive material is deposited on a 
fine wire, which is a few tenths of a millimetre in diameter and 
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5 to 10 mm. long arranged perpendicularly to the plane of the 
diagram. Above the source is a relatively wide slit AB and in a 
continuation of the plane of the slit is a photographic plate EP. The 
whole is contained in a box which can be evacuated and arranged 
between the poles of an electromagnet so that the magnetic field is 
perpendicular to the plane of the diagram and uniform over the path 
of the rays. Particles of the same velocity will describe circles of the 
same radius in the uniform magnetic field, and it can be seen from 
the diagram that even with a relatively wide slit the circles converge 
to a focus on the plate. The circle which passes through 0, the foot 
of the perpendicular from S on the plane A BP, just completes a 
semicircle and attains the farthest distance along the plate from S , 
all other circles, whether passing through A B to the right or left of 0, 
striking the plate nearer to the source. There is thus, no matter how 
wide the slit AB, a definite limit to the line on the side opposite the 
source, and further, owing to a fortunate property of the geometry 
of the circle, most of the rays are concentrated into this edge. The 
high-velocity side of the line is thus sharply defined and the momentum 
ot the particles can be determined with considerable accuracy by 
the measurement of the position of this sharp edge, ft particles of 
other velocities will also converge on to the photographic plate and 
give sharp-edged lines in a similar way, the lines due to particles 
of higher velocity being farther from the slit. The only conditions 
which it is necessary to observe in the disposition of the apparatus is 
that the slit AB should be in the continuation of the plane of the 
photographic plate and symmetrically disposed about the foot 0 of 
the perpendicular from S. The radius of curvature p of the path of 
the particles giving a particular trace is then given in terms of the 
lengths q and x by 4p 2 — q 2 f x 2 , where g — 08 and x is the distance 
between 0 and the high-velocity edge of the line. The momentum of 
the particles is IIp.e m , where // is the value of the magnetic field and 
e m the elementary charge in electromagnetic units. It is usual to use 
instead of the momentum the quantity Hp , and it should be noticed 
that this is what is directly determined by experiment. The corre- 
sponding energy E in ergs can be calculated from the value of Hp by 
means of the relat ions 


H P = 


m 0 c ft 


e« Vl - 0* ’ 

r=7a» - 0- 
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where ft is the velocity in terms of the velocity of light c, and m 0 is 
the rest-mass of the electron. Again it is usual not to*express the 
energy in ergs, but in terms of the potential .difference F, measured 
in volts, through which the electron would have to fall in order to 
acquire this energy, so that, if e a is the elementary charge in electro- 
static units, 300# 

e* 

The great advantages of this method will be appreciated by com- 
paring fig. 1 on Plate XI with figs. 2, 3, and 4, which are repro- 
ductions of photographs of portions of various spectra taken by means 
of tliis focussing method. In these photographs the velocities increase 
from the left to the right, and the sharp right-hand edges of the 
lines to which measurements are taken can be seen. The separation 
of the groups is far greater than in the other method, and at the 
same time owing to the focussing action photographs can be obtained 
with considerably shorter exposures. Another important advantage 
is that it is possible to protect the photographic plate from the direct 
action of the y rays by interposing a block of lead. 

The first experiments of Rutherford and Robinson* by this 
method showed its possibilities. They analysed the ft ray spectrum 
of radium B and radium C, and were able to detect and measure 
accurately many more groups than had been found by previous 
observers. Subsequently the ft ray spectra of a great many bodies 
have been measured by different workers. The results as a whole are 
very complex, most ft ray bodies and some a ray bodies emit a whole 
series of groups, and it is to be expected that still more would be 
found with finer methods of observation. In a later section of this 
chapter will be found tables of the ft ray spectra which have been 
investigated. In many cases these have been measured by several 
different observers and the tables contain the results oi the latest 
work. 

The interpretation of these complex spectra is treated in the next 
section, and at this stage only the experimental side of their measure- 
ment will be considered. 

The simplicity of the apparatus has prevented any great diver- 
gences in design. The chief difficulty in detecting faint lines lies in 
the general background which is always present on the plates. A 
background due to the continuous spectrum formed by the disin- 

* * Rutherford and Robinson, Phil. Mag. 26, 717, 1013. 
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tegration eleetrons clearly caiinot ^avoided, but, unless considerable 
care is taken, there will be in addition a general fog due to direct 
y radiation and to electrons, liberated from the walls by the y rays. 
This can be diminished by disposing suitable screens in the paths of 
the rays and by making, as mtich of the apparatus as possible of 
aluminium. Since the intensity of the lines decreases approximately 
linearly with the dimensions whilst such stray effects will decrease 
more rapidly it is an advantage to have the apparatus as large as 
possible, but a limit to this is set in practice by the difficulty of 
obtaining a homogeneous magnetic field over a large area and by the 
increase in the time of exposure. 

The effect of J&light inhomogeneities in the magnetic field has been 
investigated by Hartree*. If represents the angle turned through 
from the initial direction of propagation and the value of the magnetic 
field at this pojtnt is H -f 5//, then Hartree showed that the same 
point of impact on the photographic plate would be obtained in 
a uniform field of Value II + J£ sin + 8 H d<f> , where the integral extends 
from beginning to end of the path. Hence the “weighting function 
for variations of H from normal over equal arcs in different parts 
of the trajectory is £ sin<£, and is a maximum half-way along the 
, Mject ory and a minimum at the source and plate. 

It is unfortunate that when we come to make use of the measure- 
ment of ray spectra relative values of the energies of the groups, 
which can easily be obtained, are of little use and it is always the 
absolute values that are required. There are two factors involved in 
the absolute determination of Hp, one a length depending on the 
geometry of the apparatus, and the ether the value of the magnetic 
field. The magnetic field is the factor which so far has limited the 
accuracy, both due to the difficulty of ensuring uniformity and of 
measuring the field. The only definite attempt to attain a high 
accuracy has been made by Ellis and Skinner j*, for the lines of the 
radium B and radium C spectra, for whioh they claim to have deter- 
lr’ned the values of Hp with an error less than one part in five 
hundred. A confirmation is desirable since many other workers have 
used these values as a method of calibrating their magnetic fields 
when measuring other Spectra. The probable Uncertainty of the Hp 
valres in the other $ tay spectra can be estimated as about one part 
in 1 hree hundred, although the relative Values will be more accurate. 

* Hartree, Proc . CambJphil Soc. 21, W6, 1923. 

t Bllis ftnd:§ktimef, Prpo* Hoy, Soc. A. 106, 60, 1924. 
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The fcrror in the energies will in this region of velocity be about 
1*5 times the error in Hp , and since it is from these energies that the 
wave-lengths of the y rays are deduced the need for fresh work will 
be realised. 

- Wooster* has calculated the theoretical distribution of intensity 
throughout a line for the case of cylindrical sources taking into 
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account the oblique rays. Some curves illustrating his results are 
shown in Fig. 95. The unsymmetrical character of the lines can be 
seen, the sharp high-velocity edge being on the left of the diagrams. 
The maximum occurs at a distance behind the high-velocity foot 
equal to the diameter of the source and for most purposes the re- 
mainder or tail of the line is of little importance. This tail can be 
* Wooster, Proc. Roy. Roc. A, 114> 729, 1927. 
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cut off at any desired point by adjusting the width of the slit. The 
distance from the head of the line to the tail is given approximately 
by 2 p 2 6*lx, where 26 is the linear angle subtended at the source by the 
slit AB. There is a definite advantage in keeping the line as narrow 
as possible and just wider than the diameter of the source, for in this 
way the intensity of the continuous background is diminished while 
the intensity <?f the line is unaffected. For an accurate adjustment, 
where the diameter of the source is not negligible in relation to the 
width of the slit, it should be noticed that the slit must be arranged 
symmetrically about the foot of the perpendicular from the edge 
of the source nearer the photographic plate. 

A helical method of focussing* has been used by Trickerj for 
investigating the effect of an electric field on the velocity of ft rays. 
While with this method he was able to test accurately the relativity 
expressions for energy and momentum, it does not appear to be so 
suitable as the above focussing method for investigating p ray spectra. 

§81. Theories of the origin of ft ray spectra. Most of the early 
theories of the origin of p ray spectra assumed the groups to be formed 
by the disintegration electrons coming from the nucleus, and as such 
>ave only historical interest They had, howevei. an effect on the 
development of the subject by suggesting an intimate connection 
between the ft ray groups and the y ray emission, and in this way 
stimulated investigation of the y rays. 

A complete change in the point of view was introduced by the 
experiments of Rutherford, Robinson and Rawlinson§. It w r as well 
known that when y rays passed through matter they gave rise to 
high-speed electrons, but little was understood about the details 
of the process, although the penetrating power of the secondary 
eleotrons was known to be about the same as that of the primary 
P rays || . The object of these experiments w r as to find the connection, 
if any,* between these secondary electrons and the primary p rays 
from the radioactive substance. The method used was very simple 
and involved only the ordinary magnetic deflection apparatus. A 
small glass tube about 10 mm. long and 0-5 mm. diameter was filled 
with radon and thm foils of various metals wrapped round it . The 

* Busch, Phys. Zeit. 23, 438, 1922. 
t Trioker, Proc. Roy . Soc. A, 109, 384, 1925* 
t Rutherford, Phil Mag. 24, 453, 893, 1912; 28, 205, 1914. 

§ Rutherford, Robinson and Rawlinson, Phil. Mag. 28, 281 f 1914. 

I! Biggs, Phil. Mag. 31, 430, 1916. 
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whole formed a source of secondary p rays, the y rays from the 
radium B and radium C formed inside the glass tube liberating elec- 
trons from the metal sheath, and when the source was placed at S 
(see Fig. 94) the magnetic spectrum of this electronic emission could 
be obtained in the usual way. The glass and foil were of sufficient 
thickness to stop many of the primary electrons and to straggle widely 
even the most penetrating groups of ft rays from the radioactive sub- 
stance to such an extent that all traces of these lines disappeared. It 
was found that well-marked homogeneous groups of electrons again 
appeared which had inevitably to be associated with the action of 
the y rays on the metal sheath. 

This result demonstrated in the simplest possible way that the 
groups of electrons forming the ft ray spectra of radioactive bodies, 
which had for so long been regarded as the disintegration electrons, 
must originate in a secondary process. It seemed probable that this 
was a conversion Qf the y rays in the radioactive atom, since to a 
first approximation the groups emitted by radium B were similar to 
those obtained when the y rays went through lead, which had recently 
been found to be isotopic with radium B*. 

Fortunately at this moment, when the ft ray groups were found 
to be secondary in origin and not to be the primary disintegration 
electrons, these latter were identified with another part of the emission 
whose presence had just been discovered. It was foundf when the 
magnetic spectrum of radium B was analysed, either by counting 
the electrons, or by an ionisation method, that the groups which 
were so prominent on the photographs only formed a small fraction 
of the total emission. The main portion was a continuous spectrum 
of p rays which could be identified as the disintegration electrons, and 
on this was superimposed the line spectrum formed by the groups. 

These different lines of evidence were collected together to give 
a general account of the disintegration by Rutherford^. While our 
present point of view is in many respects different, this theory has 
certain features of interest. Rutherford supposed that the funda- 
mental phenomenon was the emission of the disintegration electron 
from the rfucleus, and that by collision with the outer electrons it 
lost varying amounts of energy, and as a statisticaleffeot the con- 
tinuous spectrum was formed. The escape of the p particle was also 

* Rutherford and Andrade, Phil. Mag. 27, 854; 28, 263, 1914. 

f Chadwick, Verh. d . D. Phys . Oes. 16, 383, 1914. 

% Rutherford, Phil. Mag. 28, 305, 1914. 
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supposed to set certain regions of the atom in vibration causing the 
emission of characteristic y rays, which partly escaped from the 
atom to form the ordinary y radiation, and partly were converted in 
the same radioactive atom into the ft tay form. The conversion of 
these characteristic y rays gave rise to the groups of electrons forming 
the lines in the magnetic spectra and also caused the emission of the 
ordinary K and L X rays. The conversion of the y rays was supposed 
to be controlled by some kind of quantum laws, and in a later paper 
Rutherford* showed that the actual energies of the ft ray groups must 
be given approximately by the relation E = hv,v being the frequency 
of the y ray. 

While this general point of view sufficed to show the secondary 
nature of the ft ray lines and their connection with the y rays, it was 
yet impossible to proceed to a quantitative analysis of the ft ray 
spectra without more knowledge of the mode of conversion of the 
y rays. At that time it was not known in what way, if any, the energy 
ot the quantum was divided between the ejected electron and the 
remainder of the atom. The method followed by Ellist to investigate 
this point was to measure the energies of the groups of electrons 
liberated from different metals by the y rays in order to determine 
how these energies varied with the atomic number. 

The most prominent feature of the natural ft ray spectrum of 
radium B is three strong lines. Sets of three lines corresponding to 
these were found in the excited photographs, but owing to the re- 
tardation of the electrons coming from below the surface of the metal 
foil, the excited lines were broader and more diffuse than the natural 
lines. Fig. 1, Plate XII, is a reproduction of some of the original plates 
obtained in this experiment. The photographs show certain of the 
excited groups from tungsten, platinum, lead and uranium. The 
same magnetic field was .used for each of the four photographs and 
the groups of lower energy are on the left. 

The four photographs show a great similarity ; on each there are 
two lines at the same distance apart, corresponding approximately 
to two of the strong natural lines already mentioned, but it will be 
noticed that as the atomic number increases the group of two lines 
shifts bodily td the left, that is to lower energies. The fact that the 
two lines change their position by the same amount when tjie atomic 
number changes Suggested strongly that there were two y rays acting, 

* Rutherford, Phil. Mag. 34, 153 , 1917 . 

t Ellis, Proc. Roy. Soc. A, 99, 261 , 1921 ; 101, 1 , 1922 . 
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each being responsible for one line, and that the energies observed 
could all be included in a statement as follows. 

If E = energy of the ejected electron, 

W lt W 2 represent energies characteristic of the y rays and in- 
dependent of the atom acted upon, 

W a represents the work of extraction characteristic of the atom, 
then for any one element wq have two lines for which 

Ei — w i W a , e 2 = w 2 - ir a , 

and for another element W a will be different, W 1 and \V 2 remaining 
the same. 

On this view the difference in energy between corresponding lines 
from two different elements would be simply IF/ — W a \ that is the 
difference in the work of extraction. This difference was found to be 
relatively large, for instance 9000 volts between the lines from 
platinum and lead. Such a large difference could only occur if the 
electron were to come from deep down in the electronic system, and 
the K level appeared to be the most probable origin. This point was 
easy to test by adding to the measured energy of each line the K 
absorption energy of the element from which it came, this latter 
quantity being obtained from X ray data. Within the limits of 
experimental error the same values for the characteristic y ray 
energies W l9 W 2 , IF 3 were obtained from each element. This in itself 
constituted a proof of the validity of the Einstein photoelectric 
equation for these high frequencies and justified the identification 
of these energies with the hv s of the three y rays. Recently Thibaud * 
has made a very complete examination of these excited spectra and 
has been able to measure by this method y rays of over a million 
volts energy. His results are very important in another connection 
and are described later, but it may be noted here that both he and 
subsequently Frilley have been able to measure the wave-lengths of 
y rays by diffraction from a crystal and found agreement to 1 part 
in 250 with the value deduced from ray measurements. 

These experiments could be viewed from two standpoints. In the 
first place, quite apart from the natural /} ray spectra, they showed 
the existence of monochromatic y rays and gave reliable values f6r 
their wave-lengths. On the other hand, and this is the point with 
which we are immediately concerned, they suggested a simple ex- 
planation of the complexity of the natural ray spectra. 

* Thibaud, 7'htse, Paris, 1925. 
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The three strongest lines in the natural radium B spectrum fell 
exactly into the series of the three lines obtained in the excited 
spectra of tungsten, platinum, lead and uranium, being almost 
identical with those of lead. They were therefore considered to 
originate in the same way, except that, owing to the small amount of 
radioactive material present, the conversion in the K level must be 
internal, that is in the same atom that emitted the y ray. The natural 
P ray lines, coming from the minute layer of radioactive material on 
the source, are much sharper and easier to see than the excited lines, 
so that it was plausible to expect also the presence of weaker lines 
due to the quantum conversion in the L, M and N levels. An example 
will show the application of this view. The energy of one of the strong 
lines which by these experiments is known to come from the K level is 
2-638 x 10 5 volts, so that, adding the K absorption energy 0-900 x 10 5 
volts, we have for the energy of the quantum 3-538 x 10 s volts. The 
three L levels L v L lv L ul have absorption energies 0-163, 0-157 and 
0-134x 10 5 volts, so that electronic groups from these should have 
energies 3-375, 3-381 and 3-404 > 10 5 volts. Actually there is a strong 
line with energy 3-379 x 10 5 volts which may be taken to be due to 
conversion in either L v L n or both, but the group from L nl seems 
definitely to be absent. 

There are five M levels whose absorption energies lie between 
0*034 and 0-032 x 10~ 5 volts. The difference is small and groups from 
the 3J levejj should have energies 3-504 to 3-506 x 10 5 volts. Again 
there is a measured line of energy 3-502 x 10 5 volts. 

There is even some evidence for a group from the N levels. The 
absorption energies lie between 0-009 and 0-001 x 10 -5 volts, which 
would give groups 3-529 to 3-537 volts, and in the spectrum there is 
a faint line, which was difficult to measure, of energy 3-536 x 10 5 volts 
which doubtless originates in this way. 

Tt will be seen that one y ray may give rise to two, three or more 
P ray lines, and the complex ft ray spectrum can be ascribed to a 
small number of y rays. Examples of the analysis of the different 
P ay spectra will be found in § 85 and will serve to illustrate this 
point sufficiently. It may be noted that no evidence has ever been 
obtained which suggests that the energy of a quantum may be 
divided between two ejected electrons or that two or more quanta 
may co-operate in' ejecting one electron. 

The most important result of this interpretation of the j3 ray 
spectra was that it gave at once a reliable method of determining the 
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wave-lengths by the inverse of the process described above. If in 
the natural ft ray spectrum there was a group of two or more lines 
whose energy differences were the same as those of the K , L, M states, 
then it was reasonable to infer the existence of one y ray giving rise 
to these several lilies, and to deduce the hv value. It is in this way 
that the greater part of our knowledge of the wave-lengths of the 
y rays of the different radioactive bodies has been obtained. 

Shortly afterwards Meitner* independently reached the same 
results. The starting-point of her experiments was the important fact 
discovered by Hahn and Meitnerf, that certain a ray bodies emitted 
homogeneous groups of electrons forming ft ray spectra analogous 
in every respect to those given by typical ft ray bodies. Careful ex- 
periments showed that these ft rays could not have originated in some 
subsequent ft ray transformation and must therefore have come from 
the a ray body. This proved definitely that there was some process 
by which electrons of definite energies could be liberated from the 
outer electronic structure during radioactive disintegration and 
suggested at once that the groups found from ft ray bodies were of 
similar origin. Meitner’s experiments to test this point were similar 
to those already described and consisted in showing that the y rays 
of thorium B passing through lead, which is isotopic with thorium B, 
liberated groups of electrons of similar energies to some of those in 
the natural ft ray spectrum of thorium B. From this she inferred that 
the entire natural ft ray spectrum was due to an internal photo- 
electric effect of the y rays on the different electronic levels of the 
atom and supported her conclusions by examples taken from the 
ft ray spectra of thorium B, radium D, radiothorium and radium. 

It may be noted that in her first paper Meitner drew attention to 
the fact that it was important to know whether the emission of the 
y rays preceded or followed the disintegration, because since the 
atomic number and so the strength of binding of the extra-nuclear 
electrons is changed after the disintegration, the energy of the ft ray 
groups would be also affected. Meitner adopted the view, which was 
subsequently proved to be correot, jfchat the y rays were emitted after 
the disintegration. 

§ 82., The moment of emission of the y rays. It is a matter of 
both practical and theoretical importance to determine whether the 

* Meitner, Zeit. f. Pkyx . 9, 131, 145, 1922. 

t Hahn and Meitner, Zeit. /. Phyx. 2, 60, 1920. 
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emission of the y rays precedes or follows the departure of the actual 
disintegration electron. We have seen that it is possible to deduce 
the wave-lengths of the y rays from the energies of the groups in the 
P ray spectra. In its simplest form this method consists in identifying 
a certain ft ray line of energy E p as being due to conversion of a 
y ray in a particular level, say K or L, and then adding to the 
absorption energy of this level. Now taking the case of radium B 
we find that the absorption energy of the K state is 87,400 volts 
before the disintegration, when the atomic number is 82, and is 
89,900 volts afterwards, so that a perceptible error would be made in 
the deduction of the wave-length of the y ray if the wrong choice 
were made. Without multiplying examples we can say that any 
detailed analysis of the fi ray spectra is impossible until this point has 
been settled, and the theoretical importance scarcely needs emphasis. 

There are two main methods by which this problem has been 
attacked. The first consists of an accurate analysis of the energies of 
the groups in the natural ft ray spectra. Suppose both from the rela- 
tive intensities and approximate energies that we can identify two 
groups of energies E x and E 2 as arising from conversion of the same 
frequency y ray in the K and L states. Then E 1 - E 2 must equal the 
K — L absorption differences of the radioactive atom at the moment 
i i6 y ray was emitted and may be compared with the X ray data 
corresponding to the two possible atomic numbers. This method was 
applied by Black* to his measurements on the ft ray bodies of the 
thorium series Owing to the multiplicity of sub-levels it “'was not 
possible to arrive at a clear-cut decision. For example K — L m for 
atomic number N differs little from K - L l for atomic number 
N + 1, but Black concluded that the balance of evidence was in 
favour of the y ray emission following the disintegration. 

Meitnerf measured the p ray spectra from radioactinium and 
actinium X. These are both a ray bodies and in this case it is possible 
to obtain evidence directly from the ]8 ray spectra in the manner 
already discussed. When the a particles are emitted the atomic 
ni nber changes by two units, and it is now a question of deciding 
whether the measured energy difference between two p ray groups 
agrees with the K - L absorption of one or other of two elements 
differing by two in atomic number, and not by one as in the p ray 
case. This is just sufficient to enable a decision to be reached. The 

* Black, Proc . Roy. Soc. . A, 106, 632, 1924. 

t Meitner, Zeit.f . Phys. 34, 807, 1925. 
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results of Meitner's measurements for the y rays of radioactinium are 
shown in the. next table. For each group of fl ray lines due to the 
conversion of one y ray she calculated the hv by adding on the 
appropriate absorption energies, and this was done twice, using in 
turn the absorption energies corresponding to the two possible 
atomic numbers. The table shows the maximum percentage divergence 
between the values obtained for hv for each of the y rays on these two 
assumptions. 


Number of y ray 

1 

2 

3 

4 

5 

6 

7 

8 

9 ' 

10 

Percentage divergence 
if y ray follows dis- 
integration 

The same if y ray pre- 
cedes disintegration 

3-2 

5-4 

io ; 

2-6 

0-6 

1*2 

0-86 

2-8 

10 

1*5 

0-5 

31 

M 

3-8 

0-2 

20 

0-9 

2*3 

0-6 

21 


It can be seen that the figures in the second row are in every case 
smaller than the corresponding ones in the third, and similar results 
were obtained for actinium X. These experiments showed definitely 
that in these cases the y ray was emitted after the disintegration. 

The method used by Ellis and Wooster* was based on the same 
principle but its sensitivity was greater, so that the difference duo 
to a change of one in the atomic number, as in the ray changes, 
could be detected with certainty. 

Experiments were made with the y rays of radium B and radium C, 
and photographs were taken simultaneously and on the same photo- 
graphic plate of the patural ray spectrum and ray spectrum 
excited in platinum. The source consisted of a small glass tube 
containing radon and surrounded by a thick platinum sheath. The 
y rays from the radium B and radium C liberated electrons from the 
platinum, those from the outside surface having energke hv — K pt , 
hv—Lpt, .... At the same time a weak source of radium (B + C) 
tfaa deposited on the outside of the platinum, and this emitted 
electrons with energies hv — K lltk B , hv ~ ^Ra B * It will bo 

seen .that the difference of energy of corresponding groups is 

*^r*b ^Pt* 

The results of the measurements of this separation between corre- 
sponding groups for the three main y rays of radium B and one of 
radium C, expressed not in energy but in units of Hp , are given in the 


* Ellis and Wooater, Proc. Camb. Phil. Soc. 22, 844, 1926. 
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liext table, and in the third and fourth columns are given the values 
of the same quantity - calculated on the two possible values for the 
atomic number of the radioactive atom. 

In the case of radium B this is either K st — X 78 , or K& — X 78 , 
quantities which are known accurately from X ray data and differ 
by 25 per cent. The chief advantage of the experimental method is 
that, except for quantities which are known more accurately than 1 per 
cent., the difference between the K absorption energies is determined 
simply by the separation of the lines. This could be measured with 
an error of less than 5 per cent. 


y ray tented given 
natural jS ray line 

8 Up obn. 

8 Up calculated 
if emission 

precedes 

disin- 

tegration 

follows 

disin- 

tegration 

/'P HlO Ral) 

J60 

\61 

49 

62 

: 

Up 1677^ D 

(56 
] 56 

158 

44 

57 

i //pi 938ft* n 

(52 

\48 

42 

53 

1 H P 2980| t , c 

57 

46 

56 


The second method by which this problem was attacked consisted 
in the measurement of the secondary X ray phenomena which 
accompany the disintegration. We have seen how some of the y rays 
emitted from the nucleus are converted in the K , L, A/, ... states 
leading to the ejection of an electron. The atom is then capable of 
emitting gome line in its X ray spectrum, and if the wave-length were 
determined accurately the atomic number could be deduced. Ruther- 
ford and Wooster* made a careful investigation by the crystal method 
of the a x and & lines of the L X ray spectrum emitted by radium B 
in the course of its disintegration and found the wave-lengths agreed 
excellently with the accepted values for atomic number 83 . Since 
the radium B disintegration gives a change of atomic number from 
82 to 83, this result pointed clearly to the y ray emission occurring 
after the atomic number had changed. 

* Rutherford and Wooster, Proc. Camb. PhiU Soc. 22, 834, 1925. 
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Another method of investigating the same problem was used by 
Black*. The L X ray spectrum measured by Rutherford and Wooster 
is partially internally converted in the M and N levels, giving rise 
to a corpuscular line spectrum, and this spectrum Black photographed 
by the magnetic focussing -method in the usual way. His measure- 
ments agreed excellently both with the energies and the intensities 
of the groups calculated fr.om an atom of atomic number 83 . In 
addition Black investigated the corresponding p ray spectrum from 
thorium B. This is an isotope of radium B, and also undergoes a 
P ray change. If also in this case the y rays are emitted after the 
disintegration, one would expect to obtain a corpuscular L spectrum 
from this substance exactly the same as from radium B. This Black 
was able to show to be the case, although owing to experimental 
difficulties the measurements were not so accurate as with radium B. 

It is extremely satisfactory that this important problem has been 
settled so conclusively. It will have been noticed that five bodies 
have been investigated, of which two showed the a ray type of dis- 
integration, and three the ft ray type. In every case the y rays were 
found to be emitted after the disintegration, and we can safely extend 
this conclusion to all radioactive bodies. 

A very interesting point arises when we consider the first method 
in closer detail. In effect the energies of the electronic levels are 
found directly after the emission of the y ray from the nucleus, and 
a close inspection of the results shows that the energies appear 
already to have taken up the final values corresponding to the second 
atomic number. If we consider the disintegration particle leaving 
the nucleus, we see that all the electrons have to change their states 
to those corresponding to the new atomic number. At present we 
have no means of estimating how long this will take, but should at 
any time this be possible then we should have at once a lower limit 
to the interval between the disintegration and the emission of the 

v rays. Since the departure of the disintegration particle can be 
considered to be the cause of the y rays in that it puts the nucleus 
into an excited state, we should have here a method of estimating 
the minimum life of an excited nucleus. 

§ 83. General survey of the y ray and ft ray spectra of radioactive 
bodies. There are eighteep known- radioactive bodies which show 
the p ray type of disintegration, and of these ten emit y rays, 

* Black, Proc. (Jamb. Phil. Soc. 22, 838, 1925. 
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while of the twenty-three, a ray bodies five emit y rays. It happens 
that the radioactive bodies which are mostly available for experi- 
ment are of the ft ray type that give y rays and of the a ray type 
which do not. As a result the view has generally been expressed that 
y rays are the typical accompaniment of a ft disintegration but are 
the exception in the a disintegration. There is considerable truth 
in this general statement about the occurrence of y rays, but it must 
not be over-emphasised to the extent of regarding as exceptions 
those ft ray bodies emitting no y rays or those a ray bodies which do 
emit them. We may regard the emission of the y rays as due to a 
reorganisation of the nucleus after the departure of the disintegration 
particle, and, to use a loose method of expression, the absence of 
y rays is an indication that the new nucleus can stand the condition 
of strain set up by the departure of the disintegration particle with- 
out giving way to further reorganisations. 

If the y ray and ft ray emission of the different bodies is compared 
on the basis of total energy emitted little order can be found, but 
there are general theoretical grounds for believing that this is only 
the result of the method of classification and that either a body (a or 
ft type) emits no y rays or it emits about one or two quanta per 
disintegration. Since the energy of the quanta can vary over a wide 
lange, and the production of the photo-electric groups of ft rays is far 
less efficient for high frequencies, we find large apparent differences 
in the “strength” of the radiations. 

It will be noted from the examples which follow that no distinction 
can be drawn between the y ray emission of a and ft ray bodies on 
the score of complexity; radium D and radium form examples of 
extreme simplicity, radium C and radioactinium both emit a veritable 
spectrum of y rays. It does appear, however, that the range of wave- 
lengths capable of being emitted by ft ray bodies is greater than in 
the case of a ray bodies. 

There are four methods of investigating the y rays of radio- 
active bodies: by absorption, by crystal reflection, by the excited 
corpuscular spectrum method (that is by the photo-electrons liberated 
from ordinary matter by the y rays), and by the natural ft ray 
spectrum. 

The absorption method is, as would be expected, of little use for 
finding the wave-lengths of thedines constituting the y ray spectrum. 
The crystal method is limited in its application, for it in general 
requires intense sources of y rays and its resolving power is small for 
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very short waves. It has up till now only yielded Interesting results 
for the longer wave-length y rays of radium B and radium C, both of 
which bodies can be obtained in relatively large quantities. 

The excited corpuscular spectrum is direct, simple and certain, 
but it suffers from some serious disadvantages. It may be recalled 
that the principle of the method is to place the source of y rays in 
contact with a thin sheet of a heavy metal, or inside a tube of the 
metal, and then to determine the energies of the groups of electrons 
liberated by the conversion of the y fays with the usual focussing 
apparatus. Provided the metal is of sufficient thickness to render 
undetectable the groups of the natural ft ray spectrum, any groups 
that are observed are indubitable evidence of y rays. There is no 
uncertainty in the interpretation, since conversion in the K level 
is four to £ve times as probable as conversion in an L level. Should 
further proof be required, it is only necessary to change the radiator 
and observe the shift of the groups. In addition the relative intensities 
of the y ray s may be estimated, since, although the exact dependence 
on wave-length A of the photo-electric absorption coefficient is not 
known, it appears probable that it varies according to a law inter- 
mediate between A 2 and A 3 . 

Unfortunately the, method has also some undesirable features. 
Large sources or long exposures are necessary 7 to obtain even the 
stronger groups and this is at once a great restriction on the method. 
The large exposures and the nature of the experiment always give 
photographs with a dense background on which it is impossible to 
see the fainter lines. Finally, and this is perhaps the most serious 
disadvantage, tbe lines are not sharp and accurate measurement of 
their position is difficult. These points will be appreciated by com- 
paring Figs. 4 and 5 of Plate XI. The former sho\vs the strong groups 
in the natural /2 ray spectrum of radium B, wiiile the latter shows the 
corresponding groups liberated from platinum. 

The excited spectrum method therefore, wdiile invaluable for 
determining the intensities, is chiefly important for showing the 
validity of the more accurate method of deducing the y rays from 
the natural p ray spectrum. 

The grdat advantages of the method using the natural p ray spectra 
are that they are easily photographed even with weak sources, the 
background is sufficiently small to allow weak lines to be seen, and 
the lines are sharp and can be measured accurately. The method is 
admittedly somewhat indirect, but it has been confirmed so thoroughly 
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by the excited spectrum method for the strong y rays of several 
bodies that it may be relied upon with some confidence. 

The analysis of the p ray spectra is helped by certain intensity 
rules. A line from the K level is several times stronger than lines 
from the L level, which in turn are stronger than those from the M 
level. It appears also to be a general rule, for the internal conversion 
of radiation of considerably greater frequency than the absorption 
limit, that the most firmly bound subgroup absorbs most strongly. 
This is similar to the interesting observations of Robinson* on the 
relative absorption of X rays in the different subgroups. 

It is usually found that, while most of the lines in a p ray spectrum 
can be associated in pairs or more with y rays in this way, there are 
some weak lines left over. The presumption in this case is that they 
are due to conversion in the K level of such weak y rays that the 
corresponding L line escapes detection. This is a legitimate assump- 
'ion, but it must be remembered that the existence of such y rays is 
not assured. The K and L X ray spectra are also emitted by y ray 
bodies is a result of the ejection of K and L electrons. In most 
spectra there are /3 ray lines in the region 60,000 to 90,000 volts, some 
of which are doubtless connected with these X rays. It will be seen 
that in certain spectra it has been possible to analyse such lines 
m detail. 

The chief disadvantage of the method lies in the fact that no 
certain information can be obtained about the intensities of the y rays. 
Very little is known about the probability of internal conversion and 
the factors which determine it. On the whole it appears to decrease 
with decreasing wave-length, bu* it is not certain that the relative 
intensities of two neighbouring y rays is always similar to the relative 
intensities of the corresponding ft ray linesf (see § 1 IT). In the tables 
that follow, the intensities of the P ray lines, except when other- 
wise stated, represent visual estimates of the blackness of the lines 
on the photographic plate. 

§ 34. P ray spectra from p ray bodies. Th* natural p ray spectrutn 
of uranium X x and uranium X ft This has been measured by von 
Baeyer, Hahn and MeitnerJ, and recently by Meitner §, whose values 

♦ Robinson, Proc. Roy. Soc. A, 104, 455, 1923; Robinson and Cassie, Proc. Roy . 
Soc. A, 113, 282, 1926. 

f Th ? s was suggested by Sraekal, Ann. d. Phys. 81, 399, 1926. 

J von Baeyer, Hahn and Meitner, Phys . Zeit . 14, 873, 1913. 

§ Meitner, Zeit. f. Phys . 17, 54, 1923. 
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for the lines are given in the following table. Hahn and Meitner* 
showed that these were to be attributed to uranium X x . The close 
agreement of the y ray with the K n% X ray line, the energy of which 
is 0-917 x 10 5 volts, suggests that this is not a nuclear y ray at all, but 
the method of excitation is not obvious since no harder nuclear y rays 
have been detected from uranium X 1 . 

By the method of direct deviation these authors have also detected 
bands at Hp 1163 and 2450. These are possibly the disintegration 
electrons of uranium X x and X 2 respectively. In addition a group, 
appearing to consist of unresolved lines, was found at Hp 5800. Since 
uranium X 2 emits some nuclear y raysf, it is also possible that this 
represents its true ft ray spectrum. 


The natural ft ray spectrum of uranium X 1 


Number 
of line 

Intensity 

(visual 

estimate) 

H P 

Energy in volts 
x 10~ 5 

1 

m. 

927 

0-710 

2 

m. 

1028 

0-862 

3 

w. 

1057 

0-907 


Analysis of the ft ray spectrum of uranium X l 


Number" 
of line 

Intensity 

Origin 

Energy of /3 ray line 
+ absorption energy 
in volts x 10~ 5 

Energy of y ray 
in volts x 10~ ft 

1 

m. 

f-i 

0-710 + 0-211 

0-921 

2 

m. 

M x j 

0-862 + 0-053 

0-915 

3 

w. 

A’i 

0-907 + 0-013 

0-921 


y ray of uranium X x 


Energy in volts 

AinXU} 

0-919 xl0» 

134-2 


X 1 X U is 10 -11 cm. 


• Hahn and Meitner, Zeit. /. Phys . 17, 167, 1923. 
t Meitner, Zeit. /. Phys. 17, 64, 1923. 
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by the excited spectrum method for the strong y rays of several 
bodies that it may be relied upon with some confidence. 

The analysis of the p ray spectra is helped by certain intensity 
rules. A line from the K level is several times stronger than lines 
from the L level, which in turn are stronger than those from the M 
level. It appears also to be a general rule, for the internal conversion 
of radiation of considerably greater frequency than the absorption 
limit, that the most firmly bound subgroup absorbs most strongly. 
This is similar to the interesting observations of Robinson* on the 
relative absorption of X rays in the different subgroups. 

It is usually found that, while most of the lines in a p ray spectrum 
can be associated in pairs or more with y rays in this way, there are 
some weak lines left over. The presumption in this case is that they 
are due to conversion in the K level of such weak y rays that the 
corresponding L line escapes detection. This is a legitimate assump- 
'ion, but it must be remembered that the existence of such y rays is 
not assured. The K and L X ray spectra are also emitted by y ray 
bodies is a result of the ejection of K and L electrons. In most 
spectra there are /3 ray lines in the region 60,000 to 90,000 volts, some 
of which are doubtless connected with these X rays. It will be seen 
that in certain spectra it has been possible to analyse such lines 
m detail. 

The chief disadvantage of the method lies in the fact that no 
certain information can be obtained about the intensities of the y rays. 
Very little is known about the probability of internal conversion and 
the factors which determine it. On the whole it appears to decrease 
with decreasing wave-length, bu* it is not certain that the relative 
intensities of two neighbouring y rays is always similar to the relative 
intensities of the corresponding ft ray linesf (see § 1 IT). In the tables 
that follow, the intensities of the P ray lines, except when other- 
wise stated, represent visual estimates of the blackness of the lines 
on the photographic plate. 

§ 34. P ray spectra from p ray bodies. Th* natural p ray spectrutn 
of uranium X x and uranium X ft This has been measured by von 
Baeyer, Hahn and MeitnerJ, and recently by Meitner §, whose values 

♦ Robinson, Proc. Roy. Soc. A, 104, 455, 1923; Robinson and Cassie, Proc. Roy . 
Soc. A, 113, 282, 1926. 

f Th ? s was suggested by Sraekal, Ann. d. Phys. 81, 399, 1926. 

J von Baeyer, Hahn and Meitner, Phys . Zeit . 14, 873, 1913. 

§ Meitner, Zeit. f. Phys . 17, 54, 1923. 
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The, natural /} ray spectrum of radium B 


Number Measured 
of line intensity 


Hp 

Energy in 
volts x 10 -1 

Number 
of line 

Me&ured 

intensity 

Hp 

660-9 

0-3725 

17 

80 

1410 

607 0 

0-3792 

18 

3-9 

1496 

687-0 

0-4016 

19 

2 1 

1576 

768-8 

0-4983 

20 

91 

1677 

793- 1 

0-5288 

21 

10 

1774 

799-1 

0-5365 

22 

2-5 

1832 

833-0 

0-5806 

23 

0-5 

' *1850 

838-0 

0-5872 

24 

100 

1938 

855-4 

0-6106 

25 

12 

2015 

860-9 

0-6172 

26 

2-1 

f2064 

877-8 

0-6412 

27 

1-5 

f21 10 

*896-0 

0-6667 

28 

16 

2256 

926-2 

0-7094 

29 

8 

2307 

949-2 

0-7426 

30 

1-5 

2321 

1155 

1-068 

31 

1-5 

2433 

1209 

1-160 

32 

1-5 

2480 


Energy in 
volts x 10-* 


* The values for these lines are less accurate, 
t Possibly radium C lines. 


Analysis of the ray spectrum of radium B 


Number 
of line 


Intensity Origin 


Energy of fi ray line 
+ absorption energy 
in volts a 10~ 5 


Energy of y 
ray in volts 
x 10 -* 


0-3725 + 0-1634 

0-3792 + 0-1569 

(MO 16 + 0*1 339 

0*4983 + 0-0400 

0-5288 + 0-0096 

0-536' 

5 + 0-0014 

1*529 

+0*899 

2*275 

+0*163 

. 2-402 

+ 0-040 

1-697 

4* 0-899 

2442 

+ 0-163 

2-067 

+ 0-899 

2-813 

+ 0*163 

2-926 

+ 0-040 

2-638 

+ 0-899 

3-379 

+ 0-163 

3-502 

+ 0-040 

3-536 

+ 0-010 
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disintegration of radium C or from the ray body radium CT. 
There is at present no direct evidence to decide between the ray 
disintegration of radium C or the a ray body radium C', but the 
numerical agreement obtained in the analysis of the spectrum is 
better if radium C is chosen. 

Four faint lines are not accounted for, viz. nos. 15, 16, 19 and 
31. They are possibly due to faint y rays converted in the K ring 
whose energies can be obtained by adding 0-899 x 10 5 volts. 

The group of lines 7-14 can be mostly accounted for by internal 
conversion of the K X radiation excited by the y rays, as shown in 
the next table. It is interesting that the K an radiation appears to 
account for the lines, although in the emission from an X ray tube 
it is weaker than K nx . A similar behaviour is found in the spectra 
of uranium X x and radiothorium. 


Number 
of line 

Energy of ft ray 
line in volts 

x nr 5 

Irr-nsitv 

Calculated energies 

7 

0 581 

1 

A' a , — L\ 0 570 

8 

0-587 

3 

K a ,-L tl 0-585 

9 

0011 

l 

A' 0# - L m O-OOS (K ai -L u 0-608) 

in 

0-017 

3 


11 

0 041 

1 


1 2 

0-607 

1 


j :i 

0-709 

2 

A'a, 0-709 

14 

0-743 

2 

A„,-.V„„, 0-737 


y rays of radium B 


Numbor 

of 

7 ray 

Energy in 
volts x 10 6 

X in X U 

Number of 

ft ray lines 
due to 

y »y 

Measured 

by crystal 

Measured 

by excited 
spectrum 

volts x 10 -5 

1 

0-536 

230-3 

6 

0-533 



2 

2-43(3) 

50-8 

3 

2-40 

2-43 

3 

2-60(0) 

47-5 

2 

— 

— 

4 

2-97(0) 

41*6 

3 

2-94 

2-97 , 

5 

3-54(0) 

34-9 

4 

353 

3-53 

6 

4-71 

26-2 

1 

4-75 

4-66 
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The natural p ray spectrum of radium C 


Number 
of line 

Measured 

intensity 

Hp 

Knergy in 
volts x 10 -1 

Numlnsr 
of line 

Measured 

intensity 

Hp 

Knergy in 
voltsx 10 -• 

1 

V.W. 

*703 

0-420 

33 

0-4 

5136 

11-134 

2 

v.w. 

*848 

0-601 

34 

0-2 

5178 

11-256 

3 

V.W. 

*871 

0-632 

35 

0-68 

5281 

11-550 

4 

v.w. 

*896 

0-667 

36 

0-16 

5428 

11*970 

5 

v.w. 

*944 

0-725 

37 

0-16 

5552 

12-327 

6 

v.w. 

*964 

0-764 

38 

0-17 

5775 

12-970 

7 

01 

*1379 

1-470 

39 

4-76 

5904 

13-340 

8 

01 

1438 

1-582 

40 

0-2 

5948 

13-467 

9 

10 

1557 

1-819 

41 

0-2 

6030 

13-704 

10 

0-2 

1594 

1-894 

42 

0-70 

6161 

14-082 

11 

0-2 

*1834 

2-406 

43 

0-26 

6212 

14-234 

12 

01 

*1912 

2-580 

44 

0-07 

6350 

14-629 

13 

0-5 

2085 

2-975 

45 

0-05 

6523 

15-131 

14 

01 

*2156 

3-142 

46 

0-05 

6656 

15-518 

15 

03 

*2256 

3-379 

47 

0-05 

6800 

15-937 

16 

01 

*2390 

3-704 

48 

0 13 

6932 

16-321 

17 

0 1 

2550 

4100 

49 

O 1 3 

6998 

16-515 

18 

0-2 

2720 

4 529 

50 

0-79 

7109 

10-838 

19 

01 

2840 

4-846 

51 

0 <>6 

7240 

17-222 

20 

01 

2890 

4-965 

52 

0-18 

7380 

17-631 

21 

7 6 

2980 

5-199 

53 

0-04 

7530 

18-069 

22 

0-5 

3145 

5-632 

54 

0 04 

7690 

18-537 

23 

0-5 

3203 

5-785 

55 

004 

7974 

19-370 

24 

1-7 

3271 

5-966 

56 

0-04 

8090 

19-710 

25 

0-3 

3307 

6062 

57 

0-04 

8313 

20-365 

26 

0 3 

3326 

6-113 

58 

018 

8617 

21-259 

27 

0*6 

3584 

6-807 

59 

004 

8885 

22047 

28 

0-4 

3824 

7-462 

60 

004 

9165 

22-874 

29 

0-77 

4196 

8-489 

61 

004 

9425 

23-641 

30 

0-5 

4404 

9-070 

62 

0-04 

9655 

24-320 

31 

32 

2-42 

0*2 

4866 

4991 

10-370 

10-747 

63 

0-04 

10020 

25-390 


* Tfafe values for these lines are less accurate. There is evidence that radium C emits 
several groups o! higher energy, see § 87. , 


It is probable by analogy with the radium B spectrum that line 
number 1 is due to a y ray converted in the Z/j level, and numbers 

2-0 have an origin similar to numbers 7-14 of radium B. 

There are probably many fainter y rays giving the weak lines not 
accounted for. 
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Analysis of ' the ray spectrum of radium C 


Number 
of line 

Intensity 

Origin 

Energy of j3 ray line 
+ absorption energy 
in volts x 10“ 5 

Energy of y ray 
in volts x 10~ 5 

9 

10 

K 

1-819 + 0-926 

2-745 

12 

01 

u 

2-580 + 0-169 

2-749 

11 

0-2 

K 

2-406 + 0-926 

3-332 

14 

01 

L\ 

3-142 f- 0-169 

3-311 

13 

0*5 

K 

2-975 + 0-926 

3-901 

16 

01 

h 

3-704 + 0-169 

3-873 

15 

0-3 

K 

3-379 + 0-926 

4-305 

17 

01 

Li 

4-100 + 0*169 

4-269 

21 

7-6 

K 

5-199 + 0-926 

6-125 

24 

1-7 


5-966 + 0-169 

6-135 

25 

0-3 

Mi 

6-062 + 0-042 

6-104 

26 

0*3 

A'j 

6-113 + 0-011 

6-124 

31 

2-42 

K 

10-370 + 0-926 

11-296 

33 

0-4 

Li 

11-134 + 0-169 

11-303 

34 

0-2 

M i 

11-256 + 0-042 

11*298 

35 ! 

0-68 

K 

11-550 + 0-926 

12-476 

37 

01 6 

Lj 

12-327 , 0*169 

12*496 

39 j 

4*70 

K 

13-340 + 0 926 

14*266 

42 

0*70 j 

Lx 

14 082 + 0*169 

14-251 

43 

0-26 | 

Mx 

14 234 + 0*042 

14-276 

.*,<) | 

0*79 


16*838 i 0*926 

17 764 


01 8 

1 L x 

17 631 +0*169 

17- 8(H) 

58 

018 

1 K 

21-259 + 0-926 

22-185 

59 

0-04 

i L i 

22 047 -r 0-169 

22-216 


y rays of radium C 


Number 

of 

y ray 

Energy in 
volts x 1(T 5 

A in X U 

Number of 
p ray lines 

due to 

y ray 

Measured 
by crystal 

Measured > 
bv excited j 
spectrum ; 

volts X 10~ 5 J 

1 

0-589 

209-5 

l 

0-588 

_ , 

2 

2-75 

44-9 

2 

__ 



3 

332 

37*2 

2 

— 



| 4 

3-89 

31-7 

2 

« 


' 5 

4-29 

28-8 

2 

4-20 

4-26 

6 

6-03 

24-5 

1 

5-15 

506 

7 

6-12 

20-2 

4 

6*17 

6-12 

8 

7-73 

16-0 

1 

7-70 

7-70 

9 

9-41 

13-1 

1 



9-38 

10 

11-30 

10-92 

3 



11-29 

11 

12-48 

9-89 

2 

— 

12-44 

12 

13-90 

8-83 

1 

— 

, 13-90 

13 

14-26 

8-66 

3 





14 

17-78 

6-94 

2 

,| 

17-78 

15 

22-19 

5-57 

2 

— 

22-20 
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The natural p ray spectrum of radium D. The p ray spectrum of 
radium D is very simple, consisting of a group of lines all attributable 
to the action of one y ray. It has been measured by Danysz*, Ellisf , 
Meitner J, and* by Black§. There is general agreement about the 
results which are given in the following tables. 


The natural P ray spectrum of radium D 


Number 
of line 

Intensity (visual 
estimate) 

H P 

Energy in volts 
xlO- 5 

1 

50 

600 

0-309 

2 

2 

606 

0-315 

3 

0-5 

628 

0-338 

4 

20 

714 

0-433 

5 

10 

738 

0-461 


Analysis of the f3 ray spectrum of radium L> 


Number 
of line 

Intensity 

Origin 

Energy of 0 rav line 
+ absorption energy 
in volts x 10^ s 

Energy of 

Y ray in volts 

x 10“ 6 

1 

50 

A 

0-309+0-163 

0-472 

2 

2 

L xl 

0-315 + 0-157 

0-472 

3 

0-5 


0-338 + 0-134 

0-472 

4 

20 

J/l 

0-433 -f 0-040 

0-473 

5 

10 

N t 

0-461 + 0-010 

0-471 


y ray of radium, D 


Energy in volts 

A in X U 

0-472 x 10 s 

261 


Tk jutiural j 3 ray spectrum of mmthorium 2. The examination of 

this spectrum was first made by von Baeyer, Hahn and Meitner ||, by 
the method of direct deviation. It was later studied hxgreat detail by 

Blackf, using the focussing method, and his measurements are given 

* Danysz, Le Radium , 9, 1, 1911. 
t Ellis, Proc. Camb. Phil. Soc. 21, 125, 1922. 

% Meitner, Zeit.f. Phys , 11, 35, 1922. 

5 Black, Proc. Roy. Soc. A, 109, 166, 1925. 

|| von Baeyer, Hahn and Meitner, Phys. Zeit. 13, 264, 1912. 

U Black, Proc. Roy. Soc. A. lOfl. 632. 1Q21 
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The natural /} ray spectrum of mesothorium 2 


Number 
of line 

Intensity 

(visual 

estimate) 


Energy in 
volts xiD~* 

Number 
of line 

Intensity 

(visual 

estimate) 

Hp 

Energy in 
volts x 10- * 

1 

100 

668 

0-381 

17 

20 

1469 

1-644 

2 

85 

700 

0-416 

18 

6 

1538 

1-782 

3 

65 

796 

0-532 

19 

16 

1692 

2-099 

4 

45 

822 

0-566 

20 

8 

1782 

2-291 

5 

6 

842 

0-593 

21 

6 

2094 

2-99 

6 

4 

870 

0-631 

22 

2 

2173 

3-18 

7 

16 

907 

0-682 

23 

8 

2317 

3-52 

8 

50 

953 

0-749 

24 

4 

2679 

4-42 

9 

35 

982 

0-791 

25 

2 

2738 

4-58 

10 

16 

1077 

0-929 

26 

6 

4035 

8-04 

11 

35 

1170 

1-093 

27 

3 

4238 

8-61 

12 

25 

1191 

1-129 

28 

2 

4371 

8-97 

13 

22 

1257 

1-245 

29 

2 

4555 

9-49 

14 

6 

1276 

1-279 

30 

1 

6468 

14-97 

15 

4 

1308 

1-337 

31 

1 

6604 

15-37 

16 

18 

1345 j 

1-406 



i 



Analysis of the f3 ray spectrum of mesothorium 2 


Number 
of lino 

Intensity 

Origin 

Energy of £ ray line 
+ absorption energy 
in volts 10~ 5 

Energy of 
y ray in volts 
x 10~* 

1 

100 

Li 

0-381+0 204 

0-585 

2 

85 

hni 

0*410 +<> 162 

0-578 

3 

65 

Mi 

0-532 + 0-052 

0-584 

4 

45 


0-566 + 0013 

0-579 

5 

6 

Li 

0-593 + 0-204 

0-797 

6 

4 

Liu 

0-631 + 0*162 

0-793 

The M and N lines would be exactly masked by the intense lines 8 and 9. 

11 

35 

L x 

1-093 + 0204 

1-297 

12 

25 

Lm 

1-129 + 0-162 

1-291 

13 

22 

Mi 

1-245 + 0-052 

1-297 

14 

6 

A T , 

1-279 + 0-013 

1-292 

8 

50 

K 

0-749+1-092 

l-84t 

17 

20 

L\ 

1-644 + 0-204 

1-848 

18 

6 

Mi 

1-782+0*052 . 

1-834 

16 

18 

K 

1-406+1-092 

2-498 

20 

8 

Li 

2-291+0-204 

2-495 

19 

16 

K 

2-099+1-092 

3*19 

21 

6 

k 

2-99 +0-204 

319 

22 

2 

Ni 

3-18 +0-01 

3-19 

23 

8 

K 

3-52 +1-09 . 

4-61 

24 

4 

A 

4-42 +0-20 

4-62 

25 

2 

Hi 

4-58 +0-05 

4-63 

26 

6 

- K 

8-04 +1-09 

943 

28 

2 

k 

8-97 +0-20 

947 

27 

3 

K 

8-61 +1-09 

9-70 

29 

2 

k 

9-49 +0-20 

9-69 
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in the above tables. The values of the Up’s were, obtained by 
comparison with the strong lines of radium (J3 + C) and the error 
should not exceed 1 part in 250. Yovanovitch and d’Espine* have 
also measured this spectrum, and their results are in good agreement 
with Black’s. Since they used the less accurate direct deviation 
method, Black’s measurements are to be preferred. Mesothorium 2 
also appears to emit some ft rays of very high energy. An account of 
these will be found in § 87. 

Thibaudf has investigated the y ray emission of this body by the 
excited spectrum method and identified those y rays marked by a 
star in the following table. The y rays 7 and 8 could only be found in 
this way, since the natural ray groups due to them coincide almost 
exactly with those due to y rays 5 and O. 


y rays of mesothorium, 2 


Number 
of y ray 

Energy in 
volts xlO~ 5 

A in X U 

Number 
of y ray 

Energy in 
volts x‘lO“ 5 

A in X U 

1 

0-581 

212 

7* 

3 38 

36-5 

2 

0-795 

155 

8* 

4*08 

30*2 

3 

1-29(4) 

95-4 

9* 

4-62 

26-7 

4* 

1-84(1) 

67 0 

10* 

91 5 

13-5 

5 

2-49(7) 

49-4 

n* | 

9 70 

12 7 

6 

3-19 | 

38*7 





The natural p ray spectrum of thorium B and thorium C". The p ray 
spectra of these bodies have been investigated by von Baeyer, Hahn 

and Meitnerf, by Meitner§, by Ellis ||, by Yovanovitch and d'Espine* , 
•and by Black**. Thibaudf has also detected a number of the y rays 

by the excited spectrum method, using lead as a radiator. These 

y rays are marked with a star in the tables. The y rays numbers 1 and 

2 of thorium B, and number 1 1 of thorium C", are based in each case 
on only one j5 ray line, but their existence is shown by the occurrence 

of relatively strong lines in the excited ray spectrum. The analysis 


* Wanovitch and d’Espine, C.R. 178, 1811; 179, 1162; 1924. 

f Thibaud, Thtee, Paris, 1925. 

} von Baeyer, Hahn and Meitner, Phys. Zeit. 12, 1099, 1911. 

' § Meitner, Zeit.f. Phys. 9, 131, 1922. 

il Ellis, Proc. Camh. Phil. Hoc. 21, 121, 1922; Proc. Boy. Soc. A, 101, 1, 1922. 
/ Yovanovitch and d’Espine, C.R. 180, 202, 1925. 

Black, Proc. Roy. Soc. A, 109, 166, 1925. 
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The natural ft ray spectrum of thorium B , 


Number 
of line 

Intensity 

(visual 

estimate) 

Hp 

.Energy in 
volts x 10- • 

Number 
of line 

Intensity 

(visual 

estimate) 

Hp 

Energy in 
volts x 10- • 

1 

10 

835 

0-583 

10 

4 

1452 

1-610 

2 

4 

856 

0-611 

11 

30 

1701 

2-118 

3 

2 

926 

0-709 

12 

80 

1764 

2-254 

4 

2 

946 

0-738 

13 

30 

1820 

2-376 

5 

4 

1020 

0-849 

14 

6 

1831 

2-399 

6 

20 

1118 

1-006 

15 

1 

1926 

2-605 

7 

1 

1185 

1-119 

16 

3 

2037 

2-854 

8 

30 

1352 

1-419 

17 

1 

2095 

2-998 . 

9 

200 

>1308' 

1-506 






Analysis of the ft ray spectrum of thorium B 



Intensity 


Energy of /J ray line 

Energy of 


of lino 

Origin 

-f absorption energy 

y ray in volts 




in volts x lO -6 

x 10 6 

9 

200 

K 

1-506 -r 0-900 

2-406 

12 

80 

In 

2-254 + 0-163 

2-417 

13 

30 


2-376 () 040 

2-416 

14 

6 


2-399 + 0-010 

2-409 

11 

30 

K 

2-118 + 0-900 

3-018 

16 

3 

-f'l 

2-854 -(-0-163 

3-016 

17 

1 

Mi 

2-998 + 0-040 

3-038 


Number 
of y ray 


y rays of thorium B 



I Energy in 

J volts x 10~ 8 

A in X U 

Number 
of y ray 

Energy in 
volts x 10~ 5 

Ain XU 



1* 








2* 

[ 2 32 







The natural ft ray spectrum of thorium C" 


Number 
of line 

Intensity 

Hp 

Energy in 
volts x 10 

N umber 
of line 

lute nsity 

Up 

Energy in 
volts X lO -1 

1 

V.8. 

541 

0-252 

22 

f. 

1817 

2-369 

2 

8. 

548 

0-259 

23 

m. 

1852 

2-446 

3 


568 

0-278 

24 

m.f. 

1916 

2-583 

4 

V.8. 

058 


25 

m.s. 

1939 

2-640 



668 

0-380 

26 

m.s. 

1990 

2-766 

6 

8. 

684 

0-398 

27 

f. 

2312 

3-615 

7 


689 

0-404 

28 

f. 

2475 

3-913 

8 

f. 

830 


"29 

v.s. 

2622 

4-281 

IjMvn 

f. 

960 


40 

V.8. 

2913 

5 025 ' 


f. 

1056 


31 

m.f. 

2961 

5-1&) 

11 

m. 

1157 

1-071 

32 

m.f. 

3057 

5-400 

12 

m.s. 

1249 

1-231 

33 

m.s. 

3182 

5-729 

13 

f. 

1278 

1-283 

34 

m. 

3432 

6-397 

’4 

m.s. 

1373 

1-458 

35 

m.f. 

3650 

6-990 

15 

f. 

1421 


36 

f. 

3910 

7-70 

16 

m.s. 

1478 

1-661 

37 

m.s. 

3960 

7-836 

17 

m. 

1501 

1-706 

38 

f. 

4040 

8-057 

18 

v.s. 

1604 


39 

f. 

4310 

8-81 

19 

IgglH 

1623 

1-954 

40 

s. 

10080 

25-58 

20 

S. 

1665 


41 

m. 

10340 

26-35 

21 

m.f. 

1723 

2-165 

42 

f. 

l rmn 

0A..4« 
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of the lines 29 to 33 depends essentiafly on Thibaud’s results. In the 
excited spectrum he finds the line corresponding to number 30 
stronger than that corresponding to number 29. We therefore infer 
a y ray of 5*90 x 10 5 volts giving line 30 by K conversion which 
happens to coincide with the L conversion of the y ray 5*16 x lO 5 
volts. 

The yS ray groups obtained with a source of thorium C are attributed 
to thorium C", since thorium C emits y rays, if at all, only in very 
small amounts 


Analysis of the thorium C” ft ray spectrum 


Number 
of line 

Intensity 

Origin 

Energy of ray line 
+ absorption energy 
in volts x 10~* 

Energy of 
y ray in volts 

X 10~* 

1 

v.s. 


0-252 + 0-158 

0*410 

2 

s. 

ii 

0-259 + 0 1 52 

0*411 

3 

m. 

^Hl 

0*278 + 0 1 33 

0-411 

4 

v.s. 

Mi 

0-369 + 0-038 

0*407 

5 

m. 

M v 

0-380 + 0-025 

0*406 

6 

8. 

A’i 

0-398 + 0-009 

0*407 

7 

m. 

N l or 0 

0-404 + 0 001 

0*405 

8 

f. 

K 

0-577 + 0*875 

1*452 

13 

f. 

U 

1-283 + 0-158 

1*441 

12 

m.8. 

K 

1-231+0-875 

2* 106 

19 

m.f. 

Li 

1-9,54 + 0-158 

2*112 

14 

m.s. 

K 

1-458 + 0-875 

2*333 

21 

mi. 

Li 

2-165+0-158 

2*323 

16 

m.8. 

K 

1-661+0-875 

2-536 

22 

.f. 

Lj 

2-369+0 158 

2-527 

17 

m. 

K 

1-706 + 0-875 

2*581 

23 

*, m ‘ 

Li 

2-446 + 0 1 58 

2*604 

;8 

^ V.8. 

K 

1-915+0-876 

"2*790 

25 

m.s. 

Li 

2-640 + 0-158 

2*798 

20 

8. 

K 

2-042 + 0-876 

2*917 

26 

m.s. 

k 

2-756+0 158 

2*914 

29 

V.B. 

K 

4-281+0-875 

,# W66 

30 

V.8. 

Li 

5-025 + 0-158 

> 5*183 

31 

m.f. 

Mi 

5-150 + 0-038 

5*188 

,30 

V.8. 

K ' 

5-025 + 0-875 

* 6*900 

33 

m.s. 

Li 

5-729+0-158 

5*887 

36 

m.f. 

K 

6-990 + 0-875 

7*86 

36 

f. 

L, 

7-70 +0-168 

7*86 

40 

B. 

K 

25-58 + 0875 

. 26*46 

41 

m. 

Li 

26-35 + 0-158 

26*51 

42 

f. 

M x 

26-46 +0-034 

26*49 


♦ Marsden and Darwin, Proc. Roy. Soc. A, 87, 17, 1912; Meitner and Hahn, Phys. 
Zeit. 14, 873, 1913; Rutherford and Richardson, Phil. May. 26, 937, 1913. 
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y rays of thorium C" 
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Number 
of y ray 

Energy in 
volts x 10 -6 

A in XU 

Number 
of y ray 

Energy in 
volts x 10~ 6 

A in X U 

1 

0-408 

303 

8 

2-915 

42-4 

2 

1-45 

85-2 

9* 

^ 5-17 

23-9 

3 

2-11 

58-5 

IO* 

- 5 90 

20-9 

4 

2-33 

53 0 

Ilf 

7-27 

17 0 

5 

2-53 

48-8 

12* 

7-86 

15-7 

6 

2-59 

47-7 

- 13* 

26-49 

4-66 

7* 

- 2-794 

44-2 





The ft ray spectrum of actinium (B + C). This has been measured 

by Hahn and Meitner The experimental difficulties were consider- 
able because of the sjiort period (36 minutes) and the small amount 
of active material available. It is probable that only the strongest 
lines were detected and since there were indications of many weak 
lines we can conclude that these spectra would be just as rich in 
lines as those of the other B and C bodies. Only one line, the first in 
the table, could be assigned with certainty to actinium B. 


The natural ft rays of actinium (B -f C) 


Number 
of line 

Intensity 

(visual 

estimate) 

no 

Energy in 
volts X 10'* 

N umber 
of line 

Intensity 

(visual 

estimate) 

Hp 

Energy in 
volts x 10- * 

1 

20 

734 

0-450 

6 

50 

2418 

3-772 

2 

100 

1942 

2-647 

i 

30 

2472 

3-906 

3 

35 

2184 

3-208 

8 

20 

2670 

4-402 

4 

35 

2263 

3-396- 

9 

15 j 

2772 

4-662 

5 

! 

30 

i 

2314 

3-519 



i 



Analysis of the jS ray spectrum of actinium C 


Number 
of lino 

Intensity 

Origin 

Energy of j3 ray line 

+ absorption energy 

in volts x 10~ 5 

Energy of 
y ray in 

volts x 10“ 5 

2 

100 

K 

2-647+0-874 

3*521 

4 

35 

k 

3*396 +0*158 

3*554 

5 

30 

M t 

3-519 + 0-038 

3-557 

0 

50 

K 

3-772 + 0-874 

4 646 

8 

20 

Bi 

4-402 + 0-158 

4-560 

7 ' 

30 

K 

3-906+0*874 

4*780 

9 

15 

/yj 

4-662 + 0-158 

4-820 


t Hahn and Meitner, Zeit.f Phys. 34, 795, 1925. 

24-2 
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y rays of actinium 0 


Number 
of y ray 

Intensity 

Energy in volts 

x io- 5 

A in X U 

1 

V.B. 

3-54 

344) 

2 ! 

8. 

4-00 

20-8 

a 1 

in . 

4-80 

25-7 


§ 85. ray spectra from a ray bodies. The natural ray spectrum of 
radium . Hahn and Meitner* investigated this spectrum in 1909 by 
the direct deviation method and found two distinct groups. h.u,ter-|- 
they carried through a more accurate investigation by moans of the 
focussing method. This spectrum has a special interest since radium 
is an a ray body. It is technically in some respects the most difficult 

to measure of all the spectra owing to the danger of contaminating 
the whole apparatus and laboratory with the emanation. 

The absolute values of II p were obtained by comparison with the 

radium B lines. 


The natural ray spectrum of radium 


Number 
of line 

intensity 

(visual estimate) 

Hp 

Energy in volts 
x 10-‘ 

1 1 

S. 

1037 

0*876 

2 

m.s. 

1508 

1*720 

3 1 

w. 

1575 

i 1 856 


Analysis oj the radium j? ray spectrum 


Humber 

of line 

1 

j Intensity 

1 

I 

j Origin 

Energy of p ra v line 

I absorption energy 

in volts x 10~ s 

! Energy of 1 

y ravin volts 

x I(H j 

1 l 

8, 

K 

0S76+0-981 

186 

, 2 

m.s. 


1-720+0*180 

1-90 

1 3 

w. 


1-856 + 0045 

1-90 


y ray of radium 


Energy in volts 

A in X U 

1-89x105 

65-2 


* Hahn and Meitner, Phys. Zeit. 10, 741, 1909. 
t Hahn and Meitner, Zeit.f. Phyg. 26, 161,1924. 
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The natural p ray spectrum of protactinium , radioactinium , and 
actinium X. These spectra are interesting as they are fully as complex 
as any from the typical jS ray bodies. The identification of these 
spectra and the proof that the /3 rays are of secondary origin is the 
work of Hahn and Grosso* for protactinium, and Hahn and Meitnerf 
for radioactinium and actinium X. 

The results given hero are the measurements of Meitner J on prot- 
actinium, and Halm and Meitner § on radioactinium and actinium X. 
In a few cases the figures given for the energies of the groups are 
slightly different from those appearing in the original paper. These 
have been altered with the consent of the authors to correspond to 
the values of the constants and system of approximations used in 
this book. 


The natural ft ray spectrum of protactinium 


Number 
of line 

Intei" -ty 
(vimal 
estimate) 

Up 

KnerffV in 
■ olts «. 10- * 

N umber 
of line 

Intensity 
(visual 
e<?t unite) 

up 

Knergv in 
volts < in-* 

1 

00 

956 

0-753 

7 

30 

1855 

2-450 

2 

*10 

980 

0 788 

8 

30 

1909 

2-573 

3 

40 

1055 

0-905 

9 

GO 

1985 

2-746 

4 

30 

1077 

0-939 

10 

30 

2039 

2-869 

5 

100 

1595 

1-896 

11 

40 

2103 

3-016 

6 

1 70 

1730 

2-194 

12 

20 

, 2173 

3-182 


Analysis of the jS ray spectrum of protactinium 


Number 
of line 

Intensity 

Origin 

Energy of j3 ray line 
+ absorption energy 
in volts x 10 -5 

Enorgy of 
y ray in volts 
xl0 -s 

l 

60 

U 

0-753 + 0-198 

9-951 

2 

40 

An 

0-788+0-158 

0-946 

3 

40 


0-905 + 0-050 

0-950 

5 

100 

K 

1-896+1-064 

2-960 

9 

60 

Li 

2-746+0-198 

2-944 

10 

30 

Hi 

2-869+0-050 

2-919 

6 

70 

K 

2-194+1-064 

3-258 

11 

40 

la 

3-016+0-198 

3-214 

12 

20 

M, 

3-182 + 0-050 

3-232 


* Hahn and Grosse, Zeit. f. Phys. 48, 1, 1928. 

X Hahn and Meitner, Phys. Zeit. 9, 697, 1908; Zeit. f. Phys . 2, 60, 1920. 
% Meitner, Zeit. f. Phys. 50, 15, 1928. 

§ Hahn and Meitner, Zeit. f. Phys . 34, 795, 807, 1925. 
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y rays of protactinium 


Number 
of y ray 

Energy in 
volts \ 1U 6 

A in X U 

1 

. 0-040 

1 30 

2 

204 

41-0 

3 

3-23 

38-2 


The natural (3 ray spectrum of radioactinium 


Number 
of line 

Intensity 

(visual 

estimate) 

Up 

Knertcy m 
volts x 1U~* 

V/linU 

Intensity 

(visual 

estimate) 

up 

K.iutk.v in 

V oltH 111 - 4 

*1 

20 

378 

0-125 

26 

40 

996-5 

0-813 

*2 

30 

407 

0-144 

27 

20 

1010 

0-834 

*3 

20 

429 

0-160 

28 

50 

1075 

0-936 

4 

50 

534 

0-246 

29 

30 

1093 

0-965 

*5 

20 

543 

0-255 

30 

30 

1108 

0-990 

*6 

15 

551 

0-262 

31 

20 

1132 

1-029 

*7 

10 

561 

0-271 

32 

30 

1159 

1-074 

*8 

25 

571 

0-281 

33 

10 

1178 

1-106 

*9 

15 

580 

0-290 

34 

10 

1195 

1*135 

*10 

30 

590 

0-299 

35 

80 

1291 

1-305 

*11 

20 

596 

0-305 

36 

30 

1367 

1-445 

*12 

15 

611 

0 320 

37 

60 

1396 

1-501 

13 

15 

624 

0-333 

38 

30 

1525 

1*753 

14 

40 

630 

0-340 

39 

60 

1546 

1*796 

15 

10 

652 

0-363 

40 

20 

1597 

1-899 

16 

10 

075 

0-388 

41 

50 

1634 

1*976 

17 

90 

707*5 

0*425 

42 

20 

1663 

2*036 

18 

100 

732 

i 0*454 

43 

20 

1703 

2*121 

19 

20 

I 759 

0-480 

44 

20 

1745 

2 211 

20 

1 70 

822-5 

0-567 

45 

10 

1773 

2-271 

21 

50 

846 

0*598 

46 

40 

1808 

2*348 

22 

20 

876 

0*639 

47 

30 

1872 

2*488 

23 

20 

, 912 

0-689 

48 

20 

1930 

2*618 

24 

20 

1 951 

! 0-745 

49 

20 

2010 

| 2*800 

25 

15 

! 982 

0*791 




1 


* Difficult to measure accurately. 
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Analysis of the ft ray spectrum of radioactinium 


Number 
of lino 

Intensity 

Origin 

Energy of /? ray line 
+ absorption energy 

in volts X 1 0 & 

Energy of 
y ray in 

volts x lo & 

1 

20 


0*125 + 0*192 

0-317 

3 

20 

/>*n 

0*160 + 0*154 

0 314 

a 

ir> 

J/ X 

0-202 4 0-048 

0-310 

7 

io 

Mu 

O 271 +0*044 

0*315 

9 

ir> 

M v 

0-200 + 0031 

0*321 

10 

30 


0-299 + 0-012 

0*311 

1 L 

20 

.Vvx 

0-305 + 0-003 

0-308 

12 

l r> 


0-320 

O 320 

4 

50 

Li 

0*246 + 0*192 

0*438 

5 

20 

Ini 

0-255 + 0*185 

0*440 

8 

25 

L m 

0-281 +0-154 

0*435 

10 

10 

M l 

0*388 -r 0-048 

0*436 

14 

40 

1 1 

0-340 + 0*192 

0*532 

19 

20 

M i 

0*486 + 0*048 

0*534 

17 

1)0 

/i 

0 425 + 0*192 

0*617 

20 

70 

J/ x 

0*507 + 0*048 

0*615 

21 

50 

A'. 

0*598 + 0*012 

0*610 

26 

40 

In 

0*813 + 0*192 

1005 

29 

30 

3/, 

0*965 + 0*048 

1*013 

30 

30 


0*990 + 0*012 

1*002 

18 

100 

K 

0*454 + 1*035 

1*489 

35 

80 

Is 1 

1*305 + 0*192 

1*497 

30 

30 

•Mi 

1*445 + 0*048 

1*493 

28 

50 

K 

0*936+1*035 

1*971 

38 

30 

k 

1*753+0*192 

1*945 

40 

20 

Mi 

1*899 + 0*048 

1*947 

37 

00 

K 

1*501 + 1 *035 « 

2*536 

46 

40 

k 

2-348 + 0*192 

2*540 

47 

30 

J/l 

2*488+0-048 

2-536 

39 

60 

K 

1*796+1*035 

2*831 

48 

20 

k 

2*618 + 0*192 1 

2*810 

41 

50 

K 

1-976+1-035 

3-011 

49 

20 

k 

2-800+0-192 

2-992 


yrays 


Number 

of y ray 

Energy in 
volts x 10~ # 

A in XU 

Number 
of y ray 

Energy in 
volts x 10 

A in X U 

*1 

0*315 

392 

6 

1*493 

82*6 

2 

0*437 


7 

1*954 

63*2 

3 

0*533 

■ 

8 

2*53(7) 

48*7 

4 

0-614 

■+a,+,v, 

9 

2-82(0) 

43*7 

5 

1*007 

122 

10 

3*00 

41*2 
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The natural yS rfry spectrum of actinium X 


Number 
of line 

Intensity 

(visual 

estimate) 

Hp 

Energy In 

volts ^10 _ * 

Number 
of line 

Intensity 

(visual 

estimate) 

Hp 

Energy In 
volts x 10—* 

1 

20 

624 

0-237 

12 

60 

1321 

1-361 

2 

80 

733 

’ 0-455 

13 

25 

fl335 

1*387 

3 

10 

756 

0-483 

14 

15 

1380 

1 471 

4 

lOO 

810-5 

0-559 

15 

15 

1402 

1 513 

5 

40 

845 

0-597 

16 

loo 

1502 

1-708 

6 

15 

*900 

0-672 

17 

26 

1527 

1*759 

7 

10 

*983 

0*793 

18 

15 

*1547 

1*800 

8 

10 

*1000 

0-819 

19 

30 

1753 

2-230 

9 

io 

1140 

1-043 

20 

30 

1817 

2-369 

10 

10 

1191 

1*129 

21 

30 

1880 

2*508 

11 

50 

1265 

1*259 






* Difficult to measure accurately. 


f Double line. 


Analysis of the ray spectrum of actinium X 


Number 

of line 

Intensity 

Origin 

Energy of p ray line 
+ absorption energy 

in volts x 10~ 6 

Energy of 
y ray in 
volts x 10~ 8 

2 

80 

K 

0-455+ 0-980 

1-435 

11 

50 


1-259+0-180 

1-439 

13 

25 

M x 

1*387 + 0045 

1*432 

4 

100 

K 

0*559 + 0*980 

1*539 

12 

50 


1-361+0-180 

1-541 

14 

15 

Hi 

1-471 +0-045 

1-516 

15 

15 


1-513+0-011 

1-524 

5 

40 

K 

0-597+0-980 

1-577 

13 

25 

h 

1 - 387 + 0-180 

1-567 

15 

15 

Mi 

1-513+0-045 

1-558 

9 

10 

K 

1-043 + 0-980 

2-023 

18 

15 

k 

1-800 + 0-180 

1-980 

16 

100 

K 

1 * 708 + 0*980 ’ 

2-688 

21 

30 

Li 

2-508+0-180 

2-688 


y rays of actinium X 


Number of 

y ray 

Energy in volts 

xl0~ 5 

AinXU 

1 

1-435 

86-0 

2 

1 53 

80-0 

3 

1-57 

. 78-6 

4 

2-00 

61-7 

5 

2-69 

45-9 
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The natural yS ray- spectrum of radiothorium. The /3 Fay spectrum 
of this a ray body was first detected by von Baeyer, Hahn and 
Meitner 1 ". It has recently been carefully investigated by Meitnerf, 
whose measurements are given in the table. There are two points 
of exceptional interest in this spectrum. In the first place the y rays 
which are deduced from the y$ ray spectrum agree so well with the 
K a X ray lines of the resulting product that little doubt can exist that 
this is their origin. Yet since no other y rays are found in sufficient 
intensity we are led to conclude that these X rays are excited by the 
a rays in their passage through the atom. The intensity of the y9 ray 
lines suggests that this happens in the majority of the disintegrations. 
The other point of interest is that the p ray groups due to the K at line 

are stronger than those duo to whereas in emission under normal 
circumstances the latter line is twice the intensity of the former. 


The natural ft ray spectrum of radiothorium 


Number 

of line 

Intensity 

H P 

Energy in volts 
x 10-* . 

1 

w. 

806 

0-547 

2 

W. 

827 

0*567 

3 

8. 

891 

0-656 

4 

m.s. 

911 

0*688 

5 

m.s. 

988 

0-801 

0 

m. 

1010 

0-834 


Analysis of the /3 ray spectrum of radiothorium 


Number 

of line 

Intensity 

Origin 

Energy of 0 ray line 
+ absorption energy 
in volts x 10“ 5 

Energy of 

y ray in volts 
xlO -5 

3 

8. 

k 

0*956+0*192 

0-848 

5 

m.s. 

Hi 

0*801+0*048 

0-849 

4 

m.s. 

Li 

0*688 + 0*192 

0880 

6 

m. 

M i 

0-834 + 0*048 

! 

0-882 


y rays of radiothorium 


Energy in volts 

xlO ' 5 

AinXU 

0*848 

145 

0-881 

140 


* von Baeyer, Hahn and Meitner, Phys. Zeit. 16 , 6, 1916. 
t Meitner, Zeit. f. Phys. 62 , 637, 646, 1928. 
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§ 86. Measurement of y rays by crystal method. Rutherford and 
Andrade* were the first to show that it was possible to use the crystal 
method for investigating the radiations emitted by radioactive 
bodies and subsequently Thibaudf and FrilleyJ have made valuable 
contribu tions . 

There are two points of interest in this work. In the first place it 
is most important to deteej, and measure the y rays by this direct 
method and obtain a confirmation of the accuracy of the photo- 
electric law for these high frequencies, since this is the basis of all 
the deductions of y rt^y frequencies from the ray spectra. In the 
second place this method is particularly suitable for investigating 

the K and L X ray spectra which are excited in the radioaotive atom 

during the disintegration. 

The experimental arrangements follow the usual X ray technique, 

the source being a fine tube containing the radioactive material and 

placed close to the collimating slit. However, the experiments are 
difficult, owing to the extremely small glancing angles required for 
these frequencies, and owing to the necessity of protecting the plate 

from general scattered and y rays. Rutherford and Andrade avoided 
the necessity of adjusting the small glancing angle by a very ingenious 

arrangement of the slit and crystal, but the tendency of the later 

work has been to follow standard practice. 

i Remarkable progress in detecting radiations of high frequency has 
been made by Frilley. Recently he has been able to measure a y ray 
of 770,000 volts, that is a wave-length of about 16 XU. When it 
is realised that this radiation has a glancing angle of less than 
10 minutes and is relatively feebly scattered by the crystal, the 

difficulty of the experiments can be appreciated. The apparatus con- 

sisted of three carriages mounted on a rigid steel bench 1*50 taetres 

long, holding the source, the crystal, and the plate. In front of 

the source was arranged a lead slit 45 cm. long ,and whose width 

varied from 0*3 mm. at one end to about 0-6 mm. at the other. 
Between the two faces a potential difference of a few hundred volts 

could be applied to deviate the /? radiation. The crystal was of rock- 

salt, 3 x 9 cm. in size and 0-6 to 0-8 mm, thick, and was mounted on 

a carrier capable of adjustments in all directions. Two photographic 

plates were used, placed face to face with an intensifying screen of 

calcium tungstate between them, and they were protected from 

♦ Rutherford and Andrade, Phil. Mag. 27, 854; 28, 262, 1814. 
t Thibaud, Tk&e, Paris, 1925. % FfiHey, Thise, Paris, 1928. 



stray scattered radiations by screens of lead. The distance between 
the source and the plates* was varied between 60 and 160 cm. The 
crystal was rotated slowly during the exposure, following the usual 
technique, and while the strongest lines in the following table could 
be obtained with 100 mg. and a rotation of 2° in 24 to 48 hours, the 
weaker lines required 200 to 300 mg. with a rotation of only 30' in 
24 hours. The error is estimated at less than 1 X U. 

Reproductions of two photographs taken by Frilley are shown in 
Plate XII, figs. 4 and 5. The numbers refer to the following table. 
Photograph 4 shows the strong lines 6, 7 and 8 of radium R remarkably 
clearly, and the lines 1 and 2 are interesting because they are the 

shortest wave-lengths yet measured by the crystal method. Photo- 
graph 5 shows the K lines 16, 17 and 18 and also very clearly the 
line 22 which is responsible by its photo-electric effect for the entire 

group of lines shown in Plate XI, fig. 3. 

Frilley ’s measurements on the wave-lengths emitted by radium B 
and radium C are shown in the first of the next two tables, and this is 

followed by Rutherford and Andrade’s measurements on the softer 

radiations from the same bodies. The latter have been corrected for 


Measurements by the crystal method of the y and X radiations 

emitted by radium B and radium C 


dumber 

A in X U 

Energy in 
volts x 10~ 6 

Intensity 

y rays froin 0 ray 
spectra in volts x 10~ 5 

1 

16 

7-70 

m. 

7*73 Ra C 

2 

20 

6-17 

m.s. 

6-12 RaC 

3 

24 

515 

v.w. 

503 RaC 

4 

26 

4-75 

v.w. 

4-71 RaB 

5 

29*6 

4-20 

w. 

4-29 RaC 

a 

35 

353 

m.s. 

3-54 Ra B 

7 

42 

294 

m.s, 

2-97 RaB 

8 

51 *5 

2-40 

m.s. 

2-43 Ra ft 

9 

65 y 

1-90 

w. 



10 

119 

1*04 

v.w. 

— 

11 

135 

MU 

W. 

— 

12 

‘ 140 

Mi 

8. 


13 

144 

0-858 

8. 


14 

147 

0-840 

V.W. 



15 

149 

0-828 

v,w. 

— 

16 

155 

0-798 

m, 

) A'*, and 

17 

161 

0-767 

V.8. 

1“ from at. nos. 

18 

166 

0-744 

s. 

1 83 and 84 

19 

170 

0-725 

W. 



ro 

190 

0-650 ■ 

W, 



'il 

210 

0-588 

W. 

0*59 RaC 

22 

232 

0-533 

m.s. 

0-536 Ra B 
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a small systematic error brought to light by the later measurements 
of Rutherford and Wooster*. 


y and X n*ys from Ra (B | C) 

L series X rays 

A in X U 

Intensity 

At. No. 83 

At. No. 84 

768 

m. 

761 r4 

768 y B 

784 

in. 

787 r 6 

785 y. 

812 

rn. 

811 yi 

— 

827 

m. 

— 

— 

888 

w. 

- — 

— 

924 

m. 

— 

w 919/3 x 

952 

s. 

950 0, 

— 

985 

m. 

975 0 4 

— 

998 

ra. 

992 ft. 

— 

1022 

w. 


1024 v 

1041 

w. 

— 

— 

1066 

w. 

1057 t) 

— 

1105 

m. 

— 

1110 a, 

1139 

8. 

1141 a. 

1123 a a 

1160 

m. 

1153 au. 

— 

1181 

W. 

— 

— 

1226 

W. 

— 

— 

1246 

w. 

— 

— 

1274 

w. 

- — 

— 

1307 

m. 

— 

— 

1323 

m. 

— - 

— 


If we consider first the shorter wave-lengths at the beginning of 
the table, we see that Frilley’s values agree excellently with the results 
deduced from the /3 ray spectra. The four y rays of radium B, and 

the one y ray of radium C, appear from the j3 ray spectra to be of 
comparable intensity and are the only strong radiations in the region 

investigated. Previous to Frilley’s work, Thibaud, using a similar 

apparatus, had detected from thorium B a radiation of energy 
2-36 x 10 6 volts, while the jS ray spectrum had indicated that the only 

strong y ray in this region was one of energy 2-41 x 10 5 volts. 

These experiments therefore constitute a most important and con- 
vincing proof of the- validity of the Einstein photoelectric equation 

. for these high frequencies, and of the explanation given of the /9 ray 


While it is quite understandable that the strong’ y rays, numbers 

2, 0, 7 and 8, should be detected by this method, it is unexpected 

that so many other y rays should be found which give relatively weak 
lines in the natural spectrum. Such marked apparent differences in 


* Rutherford and Wooster, Proc . Camb. Phil, Soc. 22, 834, 1925. 
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the relative intensities of the y mfs observed by the two -methods 
are of great interested importance. As we shall see later, these 
observations throw light on the variation of the internal absorption 
of y rays of different frequencies in their escape from the radioactive 
atom. ' • ^ 

Turning to the other lines in the table, it will be seen that FrHley 
detected the If spectra and Rutherford and Andrade the L spectra 
corresponding to atomic numbers 83 and 84. As has already been 
pointed out, this is precisely what we should expect from a source of 
radium B and radium C if the y rays are emitted after the disintegra- 
tion. The completeness with which the spectra have been found and 
the agreement of the intensities with those of the normal X ray 
spectra are noteworthy and indicate that the atom had completely 
settled down to the states corresponding to the new atomic number 
by the time these radiations were emitted. 

§ 87. ft rays of very high energy. Radium C, thorium C and meso- 
thorium 2 are exceptional in emitting p rays of very high energy. 
From radium C Danysz* found two groups with Hp 10,850 and 18,900 
(energies 3 to 6 million volts), and later Rutherford and Robinson f 
stated that there seemed to be many faint lines between Hp 10,000 
md Hp 20,000. Ellist measured one line of Hp 10,020 but was unable 
to find any of higher energy. A careful search was made by White 

(unpublished) to find the lines whose presence was suspected by 
Rutherford and Robinson, and he concluded that if present they were 
much weaker than the line Up 10,020, which is itself very weak. 
Black§, and Yovanovitch and d’Espine |j, found three lines of 

Hp 10,080, 10,340, 10,380 in tho spectrum of thorium O which 
appeared to be due to the action of a y ray of energy 2*65 million 

volts on the K, L and M states. 

These results taken together would suggest a limitation of the 
P ray spectra to energies of under 3 million volts. Recently, however, 

Yovanovitch and d’Espine (toe. cit.) have published an account 

of experiments carried out ‘by the method of direct deviation in 
which they found p rays of far greater energies. In this type of 
apparatus the displacement of a ray is inversely proportional to Hp, 

* + Danysz, Le Reuiium, 10, 4, 1913. 
f Rutherford and Rqbinson, Phil, Mag. 26, 717, 1$13. 

I Ellis, Proc . Carnb. Phil, JSoc, 3?, 369, 1924. 

§ Black, Proc. Roy.' Soc. A, 100, 168, 1925. 

|| Yovafaovitch and d’Espine, J , dePhytiqut, 8, 276* 1927. 
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and the dispersion near the central spot is very small. A diffuse band 
can give the appearance of a line, $nd can have apparently a quite 
sharp upper limit. The same band investigated by the focussing 
method, where the displacement is directly proportional to Hp , would 
be reproduced more nearly in its true form and would probably not be 
detected. It seems likely therefore, as Yovanovitch and d’Espine 
indicate, that these very high energy rays are not homogeneous 
groups but wide bands* They are shown as such in the table which 
follows. 

ray 8 of Hp greater than 10,000 



Mesothorium 2 


Up 

Intensity 

Energy in volts 

10,000 

16,700 

21,000 

28,000 

w. 

v.w. 

v.w. 

w. 

2 6 x 10® 'j 
42 1 

6-9 j 

8-0 J 

Bands (Yovanovitch and 
d’ Espine) 



Thorium C 


10,080 

10,340 

10,380 

m.s. 

m. 

W. 

2 551 x 10* 'k 
2 631 \ 

2 -6» J 

Normal p ray lines 
(Black) 

18,000 
*40,000 | 

w. 

v.w. 

4-9 ) 

no / 

Hands ( Yovanovitch and 
d’ Espine) 



Radium C 


10,020 

10,700 

w. 

W. 

1 2-5 x 10* / 

2-74 [ 

P ray line (Ellis) 

Head of band (Yovano- 
vitch and d’ Espine) 

15.000 

to 

27.000 

w. 

4-0 ) 

to \ 

7-6 ) 

Band (Yovanovitch and 
d’Espine) 


* Extremely weak, existence doubtful. 


These bands are difficult to detect and were only found after con- 
siderable improvement in the technique of the experiment. The 
apparatua used is shown in Fig. 96, and was built of aluminium 
except for the slit D which was of lead. Very fine slits, as small as 
0*1 «wa., were used, and the distance between the source 8 and 
slit (about 5 cm.) was much greater than that between the slit and 
the photographic plate P (about 1 cm.). The photographic plate was 
in certain experiments covered with a thin sheet of aluminium 0*01 
to 0*05 mm. thick, which, while presenting no obstacle to the very fast 
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jS rays, greatly diminished the effect of slower scattered electrons. 
This type of apparatus cannot give very accurate results, for the very 
reason that it shows up bands as lines and the results are to be con- 
sidered only as indicating the general positions. 

The origin of these bands presents a problem of considerable 
interest. If they are due to the internal conversion of y rays, then, 
since at these high frequencies the probability of conversion is most 
likely very small, we should have to assume the presence of an amount 
of high-frequency y rays that is not easily compatible with other 
experimental results. We are thus 
led to the interesting speculation 
that they may be disintegration elec- 
trons and come from the nucleus. The 
appearance of bands would indicate 
a similar distribution of energy as 
that in the continuous spectra of the 
main disintegration electrons. These 
P rays would therefore be analogous 
to t he long-range a particles and re- 
present an abnormal and infrequent 
mode of disintegration. Attempts to 
Vterinino the number of these elec- 
trons have been made in the following 
way, by Cave* and by Cave and Gott. 

Cave placed a small thin-walled radon 

tube at ttie centre of the circular polepieces of a large Weiss electro- 
magnet. With a given field only j3 particles with energies above a 

certain value could escape into the region outside the polepieces, 
where they were detected by an electroscope. The results showed that 
on the average less than one of these high-energy /} particles was 
emitted in every five hundred disintegrations. In the experiments 

of Cave and Gott an absorption method was used in which a radon 

source was surrounded by successive layers of thin lead foil and the 
ur absorbed p particles were measured by a Faraday cylinder which 
surrounded both the source and foils. The interpretation w r as compli- 
cated by the secondary p rays expelled by the y rays, but the results 
nevertheless showed definitely that the fast p rays were very few in 
number and certainly less than one in one thousand disintegrations. 
We »,an form a rough estimate of the relative numbers of these electrons 
* Cave, Proc. Oamb . Ph\L Soc. 222, 1929. 
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as follows. Gurney* found that about five electrons were emitted in 
* the radium B line Up 1938 in every hundred disintegrations, so that it 
appears from the intensities given in § 84 that about twenty electrons 
are emitted in the radium C line Up 10,020 in every 10 s disintegrations. 
We know very little about the photographic action of such very high 
speed electrons, and the estimates of intensity are extremely rough, 
but we can take the same figure as giving the order of magnitude of 

the number of electrons in these high-energy bands. It is interesting 
to note that this is the same order of magnitude as is found for the 
abnormal a. ray disintegrations. 

* Gurney, Proc. Roy. Soc. A, 109, 540, 1925. 
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THE DISINTEGRATION ELECTRONS 

§88. The greater portion of the ray emission of a radioactive body 
is formed by the disintegration electrons. Useful qualitative informa- 
tion can be obtained by investigation of the total emission by methods 
such as measuring the absorption in aluminium, but while these suffice 
to show the great difference in penetrating power of the ft radiation 

from different bodies they are not suitable for a detailed analysis. 

The chief difficulty in investigating the disintegration electrons 
lies in distinguishing them from those forming the ft ray spectra and 

any other electrons ejected from the outside electronic structure of 
the atom by subsidiary processes. 

The two lines of research which have yielded the most conclusive 
evidence have been the determination of the total number of electrons 
emitted by a known quantity of radioactive material, and further 
the investigation of the distribution of energy among the emitted 
electrons. The importance of the first type of experiment lies in the 
fact that since we know there must he one electron emitted from the 
nucleus of each disintegrating atom, any excess of electrons above 
this number must be due to secondary processes such as conversion 
of the y rays, collisions and so on. We obtain in this way direct and 
valuable evidence on the extent to which such processes occur. 

The distribution of energy among the disintegration electrons is 

particularly interesting, since it has brought to light a behaviour quite 

unlike that of the a ray bodies. Instead of a ray body emitting 

electrons all of one speed from the nucleus, they appear to be dis- 

tributed continuously over a wide range of velocity. This phenomenon 

of the continuous spectrum of jS rays is one of the fundamental differ- 

ences between the a and j8 ray types of disintegration. 

Since the /? particles carry a negative charge, the number emitted 

irom a radioactive substance can be estimated either by measuring 

the negative charge communicated to a body in which the ft particles 

are stopped or by the gain of positive charge of a conducting body 
containing the radioactive material. The earliest experiments of this 
kird were made by M. and Mme Curie, using an electrometer method. 
The escape of electrons from a radioactive body can be strikingly 
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illustrated by an apparatus devised by Strutt*, which is shown in 
Fig. 97. To a sealed tube AA containing the radium was attached 
at one end a pair of thin gold leaves CC in metallic connection with 
the radium, which was insulated by means of a quartz rod B. The 
inner surface of the tube was coated with tinfoil EE 
connected to earth. The glass surface of A A was 

made conducting by a thin qoating of phosphoric 
acid. The air in the outer tube was exhausted as 
completely as possible by means of a mercury 
pump, in order to reduce the ionisation in the gas, 
and consequently the loss of any charge gained by 
the gold leaves. After some hours the gold leaves 
were observed to diverge to their full extent, in- 
dicating that they had acquired a large charge. 

This could only have occurred by the emission from 
the radium of charged particles capable of travers- 
ing the glass walls A A . The divergence of the leaves 
could not therefore be due to the emission of 
a particles and so showed in a striking manner 
the existence of the ft rays. 

If the tube Ls filled with 30 mg. of radium 
bromide, the leaves diverge to their full extent in 
the course of about a minute. If it is arranged 
that the gold leaf, at a certain angle of divergence, 
comes in contact with a piece of metal connected 

to earth, the apparatus can be made to work auto- 
matically. The leaves diverge, touch the metal, 
and at once collapse, and this periodic movement 

of the leaves should continue, if not indefinitely, 

at any rate as long as the radium lasts. For this reason this apparatus 
has been referred to as a “radium clock. ” 

The potential to which an insulated body in a vacuum may be 

raised by the emission of /3 particles has been carefully examined by 
Moseleyf. A silver-coated glass sphere, thick enough to stop the 

a particles, bttt thin enough to allow many of the J3 particles to 

traverse it, was filled with about 100 millicuries of radon. The sphere 
was insulated by a long quartz rod inside a glass envelope which was 
exhausted to the limit possible by the use of charcoal and liquid air. 

* Strutt, Phil. Mag. 6, 588, 1903. 

| Moaeley, Proc . Roy. Soc. A, 88, 471, 1913. 




387 


NUMBER OF ft PARTICLES EMITTED- 

The potential of the sphere, which was measured by the attraction on 
a neighbouring conductor, was found to rise in the course of a few days 
to about 150,000 volts and then subsequently to fall as the radon 
decayed. Since from other evidence we know that ft rays of energy 
up to two million volts are expelled from the product of radon 
radium C, the maximum potential was no doubt due to a balance 

between the loss of negative charge due to the escape of the fi particles 
and the gain of negative charge due to electrons liberated from the 
outer glass sphere by the action of the primary ft and y rays. But 
for this action the potential would rise to a value sufficient to prevent 
the escape of the p particles. 

§89. The number of ft particles emitted by radium B andradijnmC. 

Early experiments on this subject were made by Wien*, Rutherford*}*, 
and MakowerJ, but while they demonstrated clearly that the number 

of emitted particles was approximately the same as the number of 
disintegrat ing atoms, the results are not suitable for the detailed 
consideration suggested in the preceding section. 

The problem was attacked again by Moseley § in 1912 with im- 
proved methods. The principle is simple and consists in measuring 
the charge carried by the electrons emitted from a known amount 
of radioactive material, which on division by the product of the 
elementary charge and the number of atoms disintegrating per unit 
time gives at once the average number of ft, particles emitted at 

each disintegration. 

The active material was placed inside the paper cylinder P (see 

Fig. 98) which was covered on the outside by aluminium foil. In the 

first series of experiments the source was a thin-walled tube containing 
radon and the active deposit, and the total thickness to be traversed 

could be varied between the limits equivalent to Q-037 mm. and 

0*117 mm. aluminium by putting on more india paper. The apparatus 

was highly exhausted and the charge was collected by the thick brass 

cylinder B, and measured by an electrpmeter in absolute units by 

a compensation method. 

One of the difficulties in this type of experiment is in avoiding 

errors due to secondary electrons liberated by the primary jj and 

y rays. Moseley found that the ft particles in their passage through 

* Wien, Phys . Zeit. 4 , 624, 1903. 
t Rutherford, Phil. Mag. 10, 193, 1905. 
t Makower, Phil. Mag. 17, 171, 1909. 

§ Moseley, Proc . Roy. Soc. A, 87, 230, 1912. 
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metals produced slow-speed electrons, S rays, the number of which 
was, however, very* small compared with that given by the same 
number of a particles. A special investigation was made with the 
purpose of finding the most suitable method of correcting for this 
secondary radiation, which originates both from the central electrode 
P and the brass cylinder B. 



P B 


Fig. 98. - 

In order to prevent the a particles from, the source reaching the 
collecting electrode B , the source must always be covered. This 

covering will also partially absorb the j9 rays, and the only way of 

determining this absorption is to carry out experiments with different 
thicknesses of material covering the source and to attempt to extra- 
polate back to zero thickness. 


Total absorption in 
equivalent mg./cm. 2 

of aluminium 

Number of p particles 
fdr each pair of 
disintegrating atoms 
of RaB and RaC 

Number of p particles from 
each disintegrating atom of 

RaB RaC 

10 

1-64 

— 

— 

12-7 

1-51 

— 


13-2 

— 

0-634 

0-888 

154 

144 

— 

— . 

17-5 

— 

0647 

0-864 

18 1 

1-38 

— 

— 

20-8 

1*29 

— 

— 

24-8 

— - 

0-410 

0-812 

20-2 

1*19 

i 

— 

; 31-2 

109 


— 


Moseley’s results for the number of electrons penetrating different 

thicknesses are shown in the above table. The radioactive source, 
as has been already mentioned, was in this case a thin-walled glass 
tube containing radon, constituting as far as p particles are concerned 
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a source of equal numbers of disintegrating atotns of ra^liuRi B and 
radium C. • * 

The figures in this table differ slightly frpm those in Moseley’s 
paper, as they have been corrected for the later values of the radium 
standard, the elementary charge, and the nu ruber of atoms dis- 
integrating per second in one curie. The last two columns show how 



Fig. 99. 


these particles are divided between radium B and radium C. This 

/as determined in the usual way by preparing a source of radium B 

by recoil and observing the change with time of the number of 

electrons emitted as the radium C was gradually formed. 

These results are plotted logarithmically in Fig. 99, from which it 

will be seen that to obtain the total number of electrons emitted 
a large uncertain extrapolation to zero thickness has to be made. 
Carrying this out as shown in the diagram, we find 1-04 electrons for 
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radium B, 0*98 for radium C, and 2*04 from the curve for radium 
(B 4- C). Now while the measurements given in the table are probably 
correct to 2 per cent., t&e extrapolated result, which is what we really 
require, may be in error to 5 or 10 per cent. 

Since a similar extrapolation has so frequently to be carried out in 
this type of measurement, it is of interest to consider shortly what 
are the underlying assumptions. It will be seen that Moseley’s first 
measurement was of the ft particles transmitted through 10 mg. /cm. 2 . 
Since'* we know from Schonland’s* results that very few ft particles 

ar^ actually stopped in the first one-fifth of the range, it is safe to 
say that all particles emitted from the source of speed greater 
than Hp 1800 are included in the value 1-64. The correctness of this 
extrapolation can thus be seen to depend on the occurrence of the 
appropriate number of electrons with speeds less than Hp 1800, or 
more accurately on the form of the low velocity portion of the distri- 
bution curve. Electrons of even the slowest energies are not neglected, 
they are only tacitly assumed to be present in a definite amount. It 
wdll be realised that the result may be in error either positively or 
negatively. 

Very shortly afterwards, Danysz and Duanef published an account 
of the charges carried by the a rays and ft rays emitted from a thin- 
walled glass bulb containing radon. The main difference in the 
method was that a magnetic field was used to bend away the 8 
particles and also to separate the charge carried by the a rays and 
p rays. In this way the ratio of the charges carried by the a rays and 

the jS rays could be determined, and it was not necessary to assume 

a figure for the number of atoms disintegrating per second in 1 gram 
of radium. Danysz and Duane found that the charge carried by the 

j3 rays was 0*63 of that carried by the a rays, but this figure involved 
a rather uncertain correction for reflection of the p rays at the 
source. 

WertensteinJ used an apparatus similar in principle but adapted 

t6 work with a source of active deposit on a small cylinder of thin 
aluminium leaf of thickness 0*003 mm. By observing the decay it 

was possible to separate the effect due to radium B and radium C, 

and Wertenstein found T04 p particles for each atom of radium C 
disintegrating and 1*35 for radium B, making 2-4 in aU. 

* Schonland, Proc. Ray. Soc. A, 104 , 236, 1923; 108 , 187, 1926. 
f Danysz and Duane, Le Radium * 9, 417, 1912. 

% Wertenstein, C.R. Soc. Sci. de Varsovie, 9, 929, 1910. 
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Quite recently measurements by an entirely different method have 
been made by Gurney*, following up the preliminary measurements 
of Curtis*)*. The apparatus is shown in Fig. 100. The chief difference 
from the preceding methods was that the jS rays were separated out 
into a spectrum by a magnetic field and the successive portions 
measured by a Faraday cylinder. The total emission was then ob- 
tained by integration. 



' Using a small glass tube filled with radon, Gurney found that the 
amount of radium B and radium C in equilibrium with 1 mg. of 
radium emitted together 8-45 x 10 7 /S particles per second with a 

velocity greater than 500 Hp, The stopping power of the walls was 

3*5 mg./cm. s . He was able to measure directly the absorption in the 
v, alls of the tube by a separate experiment, using a bare source on 

brass. The brass source was not used in the main experiments owing 

to the difficulty of estimating the amount reflected, but it could be 
found in this special experiment by comparison with the radon 

tube results for higher velocities. The above value gives 2*28 electrons 

" * , Gurney, Proc. Roy. Soc. A, 109, 540, 1925. 
t Curtis, Proc. Camb. Phil. Soc. 22, 597, 1925. 
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from each pair of atoms disintegrating, in good agreement with pre- 
vious values. Gurney’s experiments are probably accurate to about 
3 per cent. It was an important advantage of the method that he 
could determine direotly a lower Kmit to the number of particles in 
the line spectrum. He found that at least 0-57 x 10 7 particles per 
“milligram” of radium B and radium C originated in this way, nearly 
all of which came from radipm 1?. This leaves 7*88 x lO 7 /? particles 
to include the disintegration electrons of radium 13 and radium G 
and the line spectrum of radium C, giving 2*13 ft particles per pair 
of atoms disintegrating as an upper limit. 

"Using a source of pure radium C on nickel, and making special 
experiments to determine the increased reflection, Gurney found that 
the particles appeared to come in about equal quantities from 
radium B and radium C. 

Considering all these measurements, it appears that, on the average, 
for. each pair of atoms disintegrating of radium B and radium C, 
2*3 electrons are emitted; of these rather more come from radium B, 
about 1*25, and 1-05 from radium C. The greater amount of this 
excess over unity is to be attributed to the photo-electrons liberated 
by the y rays, and it appears unlikely that more than a few per cent. 

can come from the extra-nuclear structure by other secondary effects. 

Using the same apparatus, Gurney* has also measured the emission 
from thorium (B + C). His measurements in this case are not so 
accurate, since he was not able to obtain such large sources. His results 
are shown in detail in § 92 and again indicate rather more than one 

j3 particle per atom disintegrating, the general explanation being the 
same as that for radium B and radium C. 

§ 90. The number o! electrons emitted by radium E. Many in- 
vestigations have been made on the number of j3 particles emitted 
by radium E. Since this body emits no y rays, there can be in this 

case no photo-electrons superimposed on the disintegration electrons. 

Any excess over one per atom can only be interpreted as due to 
secondary electrons ejected by collision with the primary electrons. 

'Moseley, using the same apparatus as in his experiments with radium 

B and radium C, found only 0-57 electrons from each disintegrating 
atom* This was a very curious result and could only have been ex- 

plained on the assumption that many of the electrons were emitted 

with very smaU energies. This seemed improbable, and the measure- 

* Gurney, Proc. Roy. Soc. A, 112, 380, 1920. 
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ment has been repeated by Emel6us and by Riehl, who find that the 
number of electrons emitted from each disintegrating atom is close to 
one. It is difficult to account for the low value found by Moseley, 
Emel^us* adopted an experimental arrangement shown in Fig. 101. 
The radioactive material is placed at S and only the particles 
emitted witliin a small solid angle are measured. Instead of deter- 
mining the number of these particles by measuring their charge, 
a direct count of them was made by a counter at <X The discharges 
from the point due to the entrance of an ionising particle are shown 
by the string electrometer G earthed through the high resistance R. 
The brass box L> could be evacuated and the minimum absorption 
due to the foils covering the opening of the counter and the end of 



Fig. 101. 


the box amounted to 2-5 cm. air equivalent. The radioactive source 
consisted of pieces of a 3-year old glass emanation tube, virtually 
radium (D + E + F) in equilibrium. It was not necessary to know the 

amount of material, since counts were first taben of the combined 

and a rays and then the $ rays were bent away by a magnetic field. 
The fi rays of radium D cannot penetrate even the smallest absorptions 

used, so that the ratio of j8 to a counts gives at once the number of 
j3 rays from each disintegrating atom of radium E. Emel^us’ results 

1 r the number of £ particles when diSerent thicknesses of absorbing 

material were placed in the path are shown in Fig. 102 plotted against 

the absorption expressed in equivalent centimetres of air. The extra- 

polation to zero thickness is shown by the curve, giving a result of 1*43 

|3 particles for every a particle. Applying a correction of 23 per cent, 
for reflection of the j5 particles at the glass of the source, Emeteus 


* Emettus, Proc. Camb. Phil. Soc. 22, 400, 1924. 
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reduced this to M /3 particles from each disintegrating atom. Before 
discussing this result in detail, an account will be given of a similar 
experiment recently carried out by Riehl*. The principle of the experi- 
ment is exactly the same as Emel^us’, so that a description of the 
apparatus is not necessary. The experiment is noteworthy for the great 



012345678 

Fig. 102. 


^care taken to find the conditions under which all the j8 particles were 
counted, and for the extremely small initial absorption used. By 
special arrangement of the apparatus this was reduced to the 
equivalent of 0*98 cm. of air. The source was either a platinum or 
alunpnium point which had been exposed for a long time to radium 
em$rfaj£on, giving radium D and radium E in equilibrium and an 
amount of radium F which could be calculated from the periods. 


• Riehl, Zeit.J. Phys. 40, 478, 1928, 
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A weak magnetic field wus used to deflect the ft rays of radium D, 
and subsequently a stronger one to separate the ft rays of radium E 
from the a rays of radium F. Knowing the amount of radium F 
present, it was possible from the latter count to deduce the number 
of a particles that would be emitted from the equilibrium amount 
of radium F. Measurements were also taken with an absorption of 
2*04 cm. of air to enable the extrapolation to zero thickness to be 
made. The result of the extrapolation was 1*33 ft particles to every 
a particle, which again has to be corrected for reflection at the source. 
If now we consider the actual experimental results of these two in- 
vestigations we find fair agreement. Emel6us, extrapolating through 
2*5 cm. of air with the source on glass, found 1*43 times as many 
ft particles as a particles, while Riehl, extrapolating through only 
0*98 cm. of air with about the same reflection due to the source being 
on aluminium, found 1*33 times as many ft particles as a particles. 
While then there is little doubt about the experimental results, 
considerable divergencies of opinion have been shown as to their 
interpretation, the difficulty lying in the allowance to be made for 
reflection. Schonland* used homogeneous rays generated artificially 
ill an ordinary discharge tube and found the reflection not to vary 
with the energy of the rays at least up to 100,000 volts. For aluminium 
h ‘ found 13 per cent, to be reflected, and if we extrapolate this result 
to the much higher energies of the ft rays of radium E we obtain 
from Riehl V measurement 1*18 ft particles to be emitted per atom. 
Riehl also carried out experiments with the radium E deposited on 
platinum when he found 1*56 times as many ft particles as a particles 
from the equilibrium amount of radium F. Now for gold Schonland 
found 50 per cent, to be reflected and this taken to apply to platinum 
gives 1*04 ft particles per disintegration. Emel^us’ measurements, 
when corrected for the reflection at glass, will give a result of about 
the same magnitude. It should be noted that the conditions under 
which Schonland measured the reflection are different to those occur- 
ring in these experiments. Schonland determined the fraction of 
a directed beam which is scattered through more than 90°, whereas 
in the present case the primary beam is incident on the material at 
all angles and we require the fraction so scattered as to leave it 
normally. (Chalmers has calculated that in this second case th& re- 
flection should be 2*32 times greater, so that a 30 per cent, correction 


Schonland, Proc. Roy. Soc. A, 104, 235, 1923 and 108, 187, 1925. 
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should be applied to RiehTs result, and the figure of 23 per cent, 
assumed by Emeteus is probably no^ far from the -correct value. 
For these reasons t no great accuracy can be attached to these values 
and in f addition, quite apart from the statistical error in counting and 
general experimental error (in both cases 3 tb 4 per cent.), there is 
the uncertainty about the validity of the extrapolation. 

The final conclusion that may be drawn from these experiments 
is that the number of p particles emitted from radium E is not 
much more \h.a,n one per disintegration and may be written as 
1*1 ± 0 * 1 . 

An entirely different method of investigating this problem has been 
used by Kikuchi*. A fine silk fibre activated with a preparation of 
radium {D -f E -f F) in equilibrium was stretched across the cloud 
chamber of a Wilson condensation apparatus and the tracks of the 
rays issuing from this line source obtained in the usual manner. Four 
types of tracks were observed, of which three originated from the fibre. 
These were a ray tracks ; long high-speed p ray tracks ; and short, dense 
and tortuous low velocity p ray tracks. The fourth type originated 
in the gas of the chamber and corresponded to low velocity electrons. 
These four classes were assigned to radium F, radium E, radium D 
and the photo-electrons from the y rays of radium D respectively. 
A statistical study was made of the relative frequency of occurrence 
of these four types of tracks. Taking into account the fact that a 
tracks can be formed during a longer interval in the expansion than 
p tracks, he concluded that his measurement showed that to within 
the statistical error of 10 per cent, there is one ft ray from each radium E 
disintegration. Thus this experiment confirms the other results 
without, however, attaining any greater accuracy. It is, however, 
especially noteworthy for one feature which will now be considered. If 
the number of ft rays is greater than one per disintegration, then a few 
atoms must emit two. These would appear in the photographs as 
branched tracks, both starting from the same spot on the silk fibre. 
Kikuchi paid great attention to this point and states' that he found 
no branched ft ray tracks, either of the long or short type. Including 
certain other plates, he examined carefully in all three hundred 
radium E tracks and found no sign of two p rays starting at the same 
point. Tracks of p rays as slow as 200 or 300 H p should have been 
observable, though with such slow p rays there is a possibility of their 


* Kikuchi, Jap. Joum. of Phy&ics, 4, 143, 1927. 
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being absorbed in the silk fibre or in an adhering water film. Allowing 
for this and the statistical error we can state that the number of rays 
from radium E is very unlikely to be more than a few per cent., 
say three or four, greater than the number of atoms disintegrating* 
and, what is most important, the extra electrons, if present, are 
very slow. 

We summarise all these experiments on radium E by taking 
1*06 ± 0-06 as the number of j3 particles emitted per disintegration 
by radium E. 

§ 91. The number of electrons emitted by radium t3. It has been 
already mentioned in the discussion of the previous experiment that 
Kikuchi found a number of short tracks which he attributed to 
radium D. The lengths of these tracks showed that at least some of 
them were formed by the photoelectrons liberated by the internal 
conversion of the y ray of radium D. It is clear, however, that if 
the remainder were formed by disintegration electrons, frequent 
pairing of these long tracks should have been observed. Kikuchi 
found no cases of pairing and concluded that all the observed /? tracks 
were due to photbelectrons. On this view the disintegration electrons 
must be emitted with considerably smaller energies than the photo- 
clectrons of about 40,000 volts, and escape detection owing to the 
shortness of the tracks they form. Petrova* has made a systematic 
statistical s udy of the occurrence of tracks of different lengths. By 
working at reduced pressure he was able to measure tracks formed 
by electrons of small energies. He concluded that the upper limit 
to the continuous spectrum was about 10,000 volts. The interpre- 
tation of these measurements is difficult and it is possible to analyse 
the measurements to show a continuous spectrum extending to 
25,000 volts. It is a matter of considerable interest that disintegra- 
tion electrons can be emitted with such small energies. 

Kikuchi estimated the number of photoelectrons to be 0*9 per 
disintegrating atom, but recent work by Gray and O’Learyj has 
huown that a more probable figure is 0-5. 

We may conclude tentatively that there are about 1*5 electrons 
emitted at each disintegration, this figure consisting of one very slow 
disintegration electron and on^the average 0-5 electron due to the 
con version of the y ray. 

* Petrova, Zeit. /. Phys. 55, 628, 1929. 
t Gray and O’Leary, Nature , 123, 568, 1929. 
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§ 92. Collected results on the number of electrons emitted by 
ft ray bodies. The following table contains a summary of the deter- 
minations described in the preceding sections. The second column 
shows what is considered to be the best value for the average number 
of electrons emitted from each disintegrating atom. The excess of 
these numbers over unity must be ascribed to photo-electrons and 
electrons arising by subsidiary processes such as collisions. This is 
shown in the third column. The fourth column contains the number 
of the photo-electrons when it is known, and the fifth, by subtraction, 
the number of the subsidiary electrons. 


Average number of electrons emitted at each disintegration 



Total 
number of 
electrons 

Photo- 
electrons + 
subsidiary 
electrons 

Photo- 

electrons 

Subsidiary 

electrons 

Radium B ± 
Radium C 

2*3 ±0 06 

0-30 ±0 06 

0-27 ±0 03 

0 03 ±0 03 

Radium D 

1-5 ±01 

0-6 ±01 

— *. 



Radium E 

106 ±0 06 

0-06 ±006 

not detected 

0 06 ±0-06 

Thorium B 

1-45 ±014 

0-45 ±0*14 

>0-3 

<015 

Thorium C -f 

cr 

1-28 ±013 

0-28 ±0-13 




Thorium C and thorium C" are grouped together in this table, since it 
was impossible in Gurney’s experiments to separate the effects of these 
two bodies. The photo-electrons, however, are known to come entirely 
from thorium C". The number of photo-electrons from thorium B 
and thorium C* is not known with any accuracy. However, in the 
case of thorium B, Gurney found the very strong line Hp 1398 to 
give 0-25 electron per disintegration. This line is due to conversion 
of the y ray in the K level, and Ellis and Wooster found the number 
originating in the L h~ M levels was about 20 per cent, of these. Since 
there are other y rays, the figure 0-3 electron per disintegration is 
an under-estimate. For thorium C* we can only note that the observed 
line spectrum is intense enough to account approximately for the 
observed number of electrons. 

The main conclusion that may be drawn is that there are at most 
only a few per cent, of subsidiary electrons. This point is of importance 
in considering the cause of the velocity distribution of the disin- 
tegration electrons. 
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§ 93. The distribution of energy among the disintegration elec- 
trons. It is a curious fact that although the ft ray bodies were the first 
to be discovered it is only recently that the actual disintegration 
electrons have been identified. The early experiments on the ft 
radiation, which of course consists mainly of the disintegration 
electrons, were carried out by the absorption method, and it appeared 
possible to resolve the emission into a series of components each 
absorbed according to an exponential law. When a little later von 
Baeyer, Hahn and Meitner discovered the existence of the homo- 
geneous groups by the photographic methpd, it was an obvious step 
to identify these with the components of the absorption curves. On 
the other hand the experiments of Schmidt, and more definitely 
those of W. Wilson and J. A. Gray, showed th^t a homogeneous 
beam of ft particles was not absorbed exponentially, and thereby 
rendered difficult the above interpretation of the absorption and 
photographic experiments. It was also shown by the photographic 
method that the homogeneoas groups were appreciably reduced in 
velocity by passage through matter, a fact which was not easy to 
reconcile with exponential absorption. Wilson at once suggested 
that the correct explanation of the exponential absorption of the 
total ft radiation from a radioactive body, was that the ft rays 
termed a continuous velocity spectrum and that exponential ab- 
sorption was a proof of heterogeneity not of homogeneity. The series 
of contradictions which had by then been arrived at was resolved 
by Chadwick’s* discovery of the continuous spectrum, when it was 
seen that the total emission consisted mainly of a continuous dis- 
tribution, capable on "Wilson ’s views of explaining the absorption 
experiments, on which were superimposed the homogeneous groups. 
Chadwick showed that the prominence of these groups in the photo- 
graphs was due chiefly to the ease with which the eye neglects 
background on a plate. 

Tbe apparatus Chadwick used is shown in Fig. 103, and it is 
interesting since it was the first application of the focussing method 
to olectrical measurements. The radioactive source, a fine glass tube 
filled with radon, is fixed at Q inside the evacuated box F, and the 
ft particles, passing out through the slit, are sorted out into a 
velocity spectrum by a magnetic field perpendicular to the plane of 
the paper. By varying the magnetic field successive portions of the 
spectrum entered the counter T and the amount could be determined 

* Chadwick, Verh . d. D. Phy8> Gta . 16, 383, 1014. 
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by the frequency of the throws of the string electrometer attaohed to 
the counter. A movable screen is shown at B by which the particles 
could be cut off entirely and the inevitable stray effect and the effect 



of those y rays passing the lead block L could be determined. Chad- 
yrick also used an ionisation chamber in place of the counter and the 
results of the two measurements are shown in Fig. t 104. 
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The two curves differ since the counter measures the number of 
{$ particles (curve A), whereas the ionisatioh chamber measures the 
ionising action (curve B) which varies with the velocity. These curves 
show clearly that the line spectrum is only a relatively small effect 
superimposed on a continuous spectrum. 

This important fact that the ft ray emission fell naturally into two 
parts was explained by Rutherford, who pointed out that the groups 
were certainly secondary in origin and due to the conversion of the y 
rays, so that since the disintegration electrons had to be found some- 
where it only remained to identify them with the continuous spectrum. 
In 1922 Meitner pointed out that a nucleus, presumably quantised, 
ought not to emit electrons of varying energy, and that it was quite 
possible that the inhomogeneity was introduced after the actual 
expulsion from the nucleus. Several experiments* were carried out 
to test this standpoint, and the general conclusion! was that it was 
difficult to find any evidence of the introduction of this inbomogeneity. 
As an example we may consider the possibility that the electron emits 
continuous y rays in its passage out through the intense electric fields 
of the atom. Some such effect as this probably does occur, but 
experiment shows that it happens to such a small extent as to be 
negligible in the present discussion. Radium E is a f} ray body 
showing a normal continuous spectrum formed by its disintegration 
electrons, but there are no homogeneous groups superimposed and 
therefore no monochromatic y rays. Actually there is a small amount 
of relatively hard y radiation which might arise in the above way. 
The amount of y ray energy emitted has been measured by G. H. 
Aston l and he found that on the average only 10,000 volts is emitted 
per disintegration in the form of y rays, probably in the form of one 
quantum of relatively hard radiation emitted on the average once in 
every thirty disintegrations. When it is realised that the observed 
spread of the radium E /9 ray spectrum, if produced in this way, 
would involve an average emission of y ray energy equal to 600,000 
volts per disintegration, it is clear that there is no possibility of ex- 
plaining the continuous spectrum by this process. 

It would be a long task to analyse the various ways in which the 
heterogeneity might be introduced if sufficient freedom in the choice 

* Chadwick' and Ellis, Proc. Camb . Phil. Soc. 21, 274, 1922; Pohlmeyer, Zeit.f . 
Ph,j8. 28, 216, 1924. 

t Ellis and Wooster, Proc. Camb. Pkil. Soc. 22. 859, 1925. 

j Aston, Proc. Camb. Phil . Soc . 22, 935, 1927. 
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of hypotheses were allowed, but all such hypotheses would have as 
their one object to make the total energy the same for each dis- 
integration. If the continuous spectrum extends from an upper 
limit of energy I£ m ax., then this 
energy of disintegration could 
not be less than E m&x .. If on 
the contrary the disintegration 
electrons were actually ejected 
from the nucleus with various 
energies, then the average energy 
of disintegration should corre- 
spond to the mean energy of the 
continuous spectrum.* A final 
decision between the two views 
would thus be reached by mea- 
suring the total energy of dis- 
integration of a p ray body 
whose continuous spectrum was 
known. Ellis and Wooster* have 
recently carried this out for 
radium E, which is particularly 
suitable, since it emits no y rays 
which might complicate the 
interpretation.. It can also be 
obtained free from a particle 
bodies whose energy of dis- 
integration would be large com- 
pared to that of the particle 
body. The average energy of 
disintegration can be measured 
by finding tBe heat produced 
when a known number of atoms 
disintegrate inside ,a calorimeter 
so thick that no rays can 



(a) 
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■ rig. 105. 

escape. ^Fhis has then to be compared with the data obtaid^ble from 
the continuous spectrum. 

The continuous spectrum of radium E is shown in Fig. 100. It 
will be noticed that the maximum energy is 1,050,000 volts, whilst 
the average energy calculated frQm this curve is 390,000 volts. 
* Ellis and Wooster, Proc. Roy . Soc. A, 417, 109, 1927 
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Owing to experimental difficulties this latter figure may be in error 
by 15 per cent. A measurement of the heating effect therefore pro- 
vides a clear distinction between the two hypotheses, one predicting 
a value of 390,000 volts per disintegration, the other 1,050,000, or 
2*6 times as great. 

The radium E was deposited on either a short platinum or nickel 
wire. This was enclosed in a very thin br^ss case and could be easily 
lowered into or removed from the calorimeter (Fig. 105 (a)), which 
consisted of a lead tube of rather mora than 1 mm. thickness so that 
all the /3 rays were absorbed. To avoid external disturbances the 
apparatus was made symmetrical, a second identical calorimeter 
being constructed into which a dummy non-activated wire was 
lowered. The whole was enclosed in a massive copper block, as can 
be seen from Fig. 105 (b). The steady temperature difference set up 
between the two calorimeters, when the rate of heat supply equalled 
the heat loss, was measured by a system of thermocouples attached 
to a sensitive galvanometer. The heating effect given by the radium E 
source was followed over several days. The heating at any time is 
due partly to what remains of the radium E, and partly to the 
radium F that is grown. Knowing the periods of the two bodies their 
two effects could be separated. Since at any moment the ratio 
of the number of radium E atoms disintegrating to the number of 
radium F atoms disintegrating is known, it was possible to deduce 
the ratio of ; he energy given out by a radium E disintegration to that 
given out by a radium F disintegration, the latter being known from 
the energy of the a particle. 

The result of these experiments gave 350,000 volts ± 40,000 volts, 
in striking agreement with the mean energy of the emitted ft particles 
as shown by the continuous spectrum, that is 390,00(1 volts ± 60,000 
volts, and entirely incompatible with the value 1,050,000 volts pre- 
dicted by the alternative theory that the energy of disintegration is 
always the same*. Further evidence on this important question can 
be obtained from Some experiments of Moseley and Robinsonf and 
oi Gurney £ The former (see p. 497) found tli*t the ft rays from the 
radium B $nd radium 0 in equilibrium with one gram of radium 
formed 9*66 x 10 14 pairs of ions per second in air. Taking a roimd 

* This experiment has been repeated, with several improvements, by Meitner and 
Orthmann (Zeit. f. Phya. 60 , 143, 1930). They obtain 337,000 ± 20,000, in excellent 
agreement with the above result. 

t Moseley and Robinson, Phil. Mag. 28 , 327, 1914. 

X Gurney, Proc . Roy. Soc. 4, 109 , 640, 1926. 
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figure of 40 volts to form an ion, this yields 10 6 volts as the sum of 
the average energies of the radium B and radium C ft particles. From 
Gurney’s analysis of the continuous spectra of these bodies we find 
the sum of the mean energies to be about 10 6 volts, while the sum of 
the energies corresponding to the upper limits of the two curves is 
, 2*7 x 10 6 volts. We may safely generalise this result obtained for 
radium E and radium (B +.0) to all p ray bodies and must conclude 
that in a p ray disintegration the nucleus can break up with emission 
of an amount of energy that varies within wide limits. 

No satisfactory interpretation has yet been given of this curious 
result so much in contrast with the high degree of homogeneity and 
definiteness shown by the a ray disintegrations. 


2 0 2 5 3-0 Million coif’s 



§ 94. The continuous spectra of different p ray bodies. The experi- 
ments that have been already carried out on this subject were designed 
more with a view to settling fundamental points than to determining 
the distribution curves with great accuracy. However, the results 
already obtained enable a preliminary survey of the field to be made 
and Suffice to direct attention to some fecial points. 

The bodies whose continuous spectra have been analysed by a 
magnetic field are tadium B, radium C, thorium B, thorium (C + C ”), 
and radium E. All the curves show a fairly definite upper limit, a 
» point that has been emphasised by Madgwick*, and at present this 
♦ Madgwick Proc. Carrib. Phil fioc. 28, 982, 1927. 
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is the most easily determined characteristic constant. Gurney’s ex- 
periments have already been described on p. 391, and his measure- 
ments on the end of the radium C curve are shown in Fig. 106. The 
ordinates represent the actual electrometer currents at different 
magnetic fields, and it can be seen how there appears to be a definite 
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end at Hp 12,000. This end point can also be detected by simple 
absorption experiments with aluminium and an estimate made of 
the velocity from the limiting range. Careful measurements on the 
absorption of the jS rays of radium C in aluminium were made by 
Schmidt*, and although the kink is difficult to detect in the presence 
of the intense y radiation there is no doubt that the ray effect ends 
at an absorption of about 1*35 gm./cm. a corresponding, to Hp 11,400, 
* Schmidt, Ann. d . Phys. 21, 632, 1906. 
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The besfe illustration of the method is obtained with radium E, tfhere 
there ftrfe no y rays to disturb the measurements. Schmidt’s** results 
with this body are shgwn in Fig. 107 and a sharp break in the curve 
cai\ be seen at 1*7 mm. corresponding to Hp 5300, in fair agreement 
with the magnetic analysis, which gives Hp 4920. 

No great acouracy can be attained by this method since thtf range 
of a beam of homogeneous particles is itself too indefinite, but the 
method is valuable because of its simplicity and because strong 
sources are not necessary. Recently CJialmersf has determined the 
end ^points of the thorium C and thorium C" continuous spectra in 
this way and found them to be respectively Hp 9100 and Hp 7800. 

SargentJ by the same method has investigated the continuous 
spectra of actinium B and actinium CT arid found the end points to 
be 0*24 and 0*62 gm./cm. 2 respectively. 

The following table shows the results so far obtained on the end 
points § of the continuous spectra of some fi ray bodies. 


End .'points of the continuous spectra of different 
ft ray bodies 



II p measured by 
magnetic spectrum 

Range measured 
in gm./cm. 2 

Hp calculated 
from range 

RaB « 

3,5001] 

— 

— 

RaC - 

r2,000f) 

1-36H 

11,400 

RaE 

4,920** 

0-475ft 

5,300 

MsTh* 

6,800# 

— 

— 

ThB 

2,800§§ 

012 f 

2,400 

ThC 

8,860 §§ 

0*98 f 

9,100 

ThC* 

— 

0-79| 

7,800 

AcB 

— r 

0-24J 

3,430 

Acer 

* 

. -± 

0*62 % 

6,140 


' • Schmidt, Phys. Zeit. 8, 361, 1907. 

, f Chalmers, Proc. Camb. Pkib. Soc. 25, 331, 1929. 

J Sargent, Proc. Camb. Phil. Soc* 25, 514, 1929. 

J Terroux has found recently that there is a slight tail to the RaE spectrum 
extending well beyond the apparent end point. The matter is still under investigation 
and there lb as yet no information whether it js a general feature of all continuous 
spectra or whether this tail represents the continuous spectrum of an abnormal mode 
of disintegration of RaE. * 

({ Gurney, Proc . Boy. Soc. A, 109^ 541, 1925. 

Schmidt, Ann. d. Physik. 21, 632, 1906. 

** Madgwick, Proc. Combs Phil. Soc. 23, 982, 1927. 
ft Schmidt, Phys. Zeit . 8, 361, 1907. 

"■ X% Yovanovitch and d’EJfpine, Joum. de Phys. 8, 280, 1927. 

J§ Gurney, Proc. Boy . Soc . A, 112, 380, 1926. 
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The experimental evidence about the low energy portion^of the * 
curve is* unsatisfactory, and. contradictory. We might anticipate 
one of three things, the distribution curve against energy fol- 
lowing one of the Jypi^al curves 
shown in Fig. 108. Curve 1 has a 
definite lower limit which would 
presumably be different for different 
bodies, curve 2 descends continuously t 
to »ero energy, while curve 3 shows f 
the presence of a large number of < 
electrons of very low energy. It is 
scarcely necessary to emphasise the 
importance of obtaining information 
on these points, since either curve 
would at least provide a basis on which to commence, a theory of 
the continuous spectrum. 

The distinction between these three curves is largely lost in the 
experimental curves obtained by Gurney’s method showing the 
number of electrons entering the Faraday cylinder in different 
magnetic fields, since not only has each ordinate of the experi- 
mental curve to be divided by the value of the magnetic field to give 
«.he distribution with ///>, but again by the Velocity to give the 
distribution with energy. The result is that each of. the experimental 
curves coriesponding to the three curves of Fig. 108 will descend 
sharply towards the origin and very accurate measnrements would be 
necessary to distinguish between them. Unfortunately it is just in 
this region that the measurements become uncertain .owing to tho 
difficulty of applying the proper correction for reflection. To investi- 
gate low speed electrons it is essential to use a bare source, and 
trouble is experienced not only with the 8 rays liberated by the 
a rays of the other radioactive bodies which are usually present in 
the source but also with the reflected electrons. These may consist 
not only of electrons reflected without sensible loss of speed but also 
ui electrons coming from the higher energy portions of the spectrum 
and which have lost energy^ in tho process of reflection. Bearing 
thes§ points in mind, we must conclude that at present we have 
no definite information about the , distribution curves below about 
10b, 000 vplts. 

This is a matter which urgently needs investigation, and it would 
appear that the most feasible method would J>e by means of the 
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expansion chamber method with a source spread out along a very fine 
fibre as in Kikuchi s experiments. An investigation of the frequency 
and mode of occurrence of the short tracks would at least provide 
valuable evidence on this point. 

We will consider finally the form of the curves as a whole. The 
contiguous spectra of radium B, radium C, thorium B and thorium 
(C + C*) have been measured by Gurney ( loc . cit.), using the apparatus 



described on p. 391. These curves are shown in Fig. 109, in which is 
»iso included the continuous spectrum of radium E, after the measure- 
ments of Madgwick by the ionisation method. It seems most reason- 
able to take the distribution against energy, and the curves have been 
adjusted to have the same area. As has been already emphasised, 
the lower energy portions of the curve are very uncertain, and in this 
diagram they have been drawn to pass through the origin merely 
in order to complete the curves on some common basis. 

Here again caution must be exercised in handling the experimental 
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evidence, since owing to the small effects to be measured and the 
ever-recurring trouble of reflection we cannot be certain that 'the 
curves are as accurate as the mere reproducibility of the experiment 
would suggest. However, there does appear to be a great similarity 
between the different curves with the exception of the curve *for 
thorium (G-f C") which shows an extended flat maximum. It 6 must 
be remembered that this curve is a combination of the thorium C 
and thorium C" curves, and since we have already seen that they have 
different end points their maxima will be in “different positions and 
the superposition of the two curves could easily produce the observed 
result. 

We have already referred briefly in chapter xi to the problem 
of how we are to explain the occurrence of the continuous spectrum, 
and it was suggested there that the simplest view was that the 
separate nuclei of a radioactive substance did disintegrate in the 
/3 ray case with different amounts of energy, and that the reason why 
the individual nuclei did not subsequently show different behaviour 
due to their different energy content was to be sought for in the 
detailed structure of the nucleus. Although it is not possible to 
propose any theory to account quantitatively for this phenomenon, 
it is of interest to develop this point of view a little further. 

We have seen that it is unlikely that the electrons exist in the free 
state in the nucleus and tliat many facts suggest that they are bound 
in pairs to an a particle, forming what has been called an a particle. 
The nucleus may thus be considered as built up of a particles, protons, 
and a particles, all in definite quantum states. Qwing to the large 
masses of these particles there is no difficulty in associating them with 
plausible energies but yet keeping their de Broglie wave-lengths of 
the order of the dimensions of the nucleus. 

The usual development of this view is that the j3 ray changes are 
initiated by an a particle disintegration involving the departure of 
tho a particle of one of the a ' particles. This, however, would again 
present the difficulty of having two free electrons in the nucleus. It 
appears more reasonable to consider the order to be reversed and 
that an a' particle breaks up by first losing one of its electrons. The 
period of a jS ray body on this view would be the mean life of an a! 
particle, the moment the electron is set free it is incapable of remain- 
ing in tho nucleus and escapes at once. The singly charged particle 
left behind is again unstable and after a certain interval will set free 
the remaining electron, leaving a normal a particle in the nucleus. 
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Certain regularities in the periods of the radioactive bodies may be 
mentioned in support of this view. When we consider the great range 
in periods of transformation of the a ray bodies, by a^ factor of 10 u in 
the actinium series, 10 24 in the uranium series, and 10 27 in the thorium 
series, it is striking to find only a range of 10 6 in the ft fray bodies of the 
thorium and actinium series and 10 7 in the uranium series*. This dif- 
ference becomes more easily understandable if the ft ray period is in 
all cases the mean life of an a particle. 

On this view the energy of the emitted electrons would be the 
difference in the energies of the stationary states occupied by the 
a' particle before and after the departure of one of its electrons less 
the energy required to set free the electron from its state of close 
t binding. It is this last quantity which might be considered to vary 
and to account for the spread of the continuous spectrum, and it 
would only show itself in the nucleus by a slightly varying mass of 
the a! particles. Except for this feature all the nuclei will be identical 
and in the same definite stationary states. 

* We are hot considering here the disintegration of potassium and rubidium 
which are ft ray bodies of extremely long period. 
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THE PASSAGE OF j8 PARTICLES THROUGH MATTER 

§ 95. The study of the passage of ft particle^ through matter encounters 
serious difficulties, both experimental and theoretical, which in most 
cases can be traced back to the ease with which these particles are 
scattered under the conditions in which experiments can be carried 
out. This scattering together with the rate of loss of energy constitute 
the two fundamental phenomena with which we are concerned, but 
unfortunately it is difficult to study the loss of energy without being 
seriously inconvenienced by the scattering. 

In this respect j3 particles are far less amenable to investigation 
;Lan a particles, which in the great majority of cases pursue straight 
paths until near the end of their range. 

A con lenient method of giving a general survey of the behaviour 
oi p particles in traversing matter is to compare them with a particles. 
From this comparison we shall see how to differentiate between those 
experiments which can be easily analysed to give information about 
the mode of interaction of a p particle with an atom, ahd those 
experiments which, while valuable from a practical standpoint, yet 
prove on detailed consideration to be essentially complicated. 

In the first place there is a considerable difference in penetrating 
power. While a few centimetres of air suffices to stop a particles, 
almost a hundred times as much is required to stop j3 particles. If in 
this preliminary comparison we neglect the slightly longer paths 
followed by the p particles due to their being scattered, we see that 
in a given distance the average number of collisions of a definite type 
with the atomic electrons will be the same for both sets of particles. 
Mainly because of their lower velocities, but partly due to their 
higher charge, the a particles will transfer several hundred times as 
much energy except at the close collisions. Although their initial' 
energies are greater than those of ttie jS particles, they will have beeft^ 
seriously reduced in energy or even completely stopped before the 
p particles have lost more than a few per cent, of their energies. 

. mother important point to consider is the straggling, a term used 
to denote the inhomogeneity introduced into a beam initially homo- 
geneous by passage through matter. 
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If we consider the passage of a charged particle through a thin 
sheet of some substance of thickness Ax we may divide the collisions 
into groups according to the value of the impact parameter p, so that 
there are on the average A r collisions with p between p r and p r+1 , 
resulting each in a loss of energy Q r . Now provided this grouping 
can be so arranged that while all the ^4’s are large yet the variation of 
Q for the different collisions within a group is small, it is then legiti- 
mate to apply probability considerations and it is possible to deduce 
the probability W(AT)dT of a total loss of energy between A T and 
A T + dT 

_(sT-s t T) a 

W (A T) dT = (2ttPAx)* 6 ^ dT y 

where A — ^A r Q r 

and PAx = E ^ = S A r Q r 2 . 

A r 

As a more comprehensible expression for the straggling we may take 
the energy spread between the two values for which the exponential 
takes the value of one-half, and divide it by the mean remaining 
energy, viz. 

V5 54 ZA r Q~* 

T-tA r Q r ’ 


which indicates clearly the dependence of straggling on the number 
of collisions (the A ’s) and the general order of magnitude of the energy 
transference (the Q’s). 

Now while, as we have already mentioned, an average particle 
with energy 200,000 to 400,000 volts has much less energy than that 
*of an average a particle with 5,000,000 to7,000,000 volts, yet at similar 
types of collision the a particle will, except in the closest collisions, 
lose -far more energy. If we consider two experiments, one with 

pa&icles and one with £ particles, in both of which there is the 
same percentage loss of the initial energy, that is 'LA r Q r IT is the 
same in both cases, we can see in a general way from the above 
expression that the relative straggling of the two types of particles 
will be of the same order of magnitude. 

If therefore we bhd only to consider the rate of loss of energy and 
the true straggling, we should find particles almost as convenient 
to work with as a particles and merely more penetrating. The great 
distinction between them arises not from the causes already mentioned 
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but from the scattering, which is far greater for )9 than for a particles. 
Scattering, if it merely meant removal of particles from the beam, 
would not be serious, but when the scattering is so large that particles 
scattered out of the beam are frequently scattered back into it again, 
it becomes impossible to define the average distance traversed by the 
beam. Particles which have followed a zig-zag path will have traversed 
a considerably longer distance than those going straight through. 
This point can be appreciated from photographs taken by the ex- 
pansion chamber method, one of which is shown in Plate IV, fig. 2. 
This shows a few centimetres of the path of a particle, and the 
difficulty of accounting for its loss of energy and ionisation by con- 
sidering it to have followed a straight path across the chamber will 
readily be appreciated. Unfortunately this is precisely what has to, 
be done, since in any experiment in which beams of jS particles traverse 
thin foils or a few centimetres of gas, the only length which is measur- 
able is that of the thickness of the foil or gas layer, and it is only to 
this that the experimental results can be referred. 

It may be noted that from a practical standpoint this shows itself 
as an increased straggling, and as a result there is a smaller range of 
experiments which are capable of simple interpretation than for 
a particles. Only measurements carried out with small thicknesses 
of matter justify accurate analysis, although from a purely practical 
standpoint measurements of the apparent total range of jS particles are 
of some interest. The ionisation produced by /? particles is in the same 
way rendered difficult to investigate, and in this connection a further 
complication introduced by the large scattering may be considered. 
We refer here to the so-called reflection of /? particles. If a beam of 
particles impinges on a sheet of aluminium about one-fifth will be 
apparently diffusely reflected, and with heavy elements such as gold 
the fraction rises as high as one-half. This reflection is of course 
nothing other th£n multiple scattering, and, owing to .the compli- 
cation of the phenomenon, it yields little additional inforifiation 
about the fundamental problem of the collision of a )3 particle with 
an atom. Its presence, however, is obvious in any experiment and 
almost impossible to avoid. The “ reflected electrons” will have all 
velocities and will add their effects to whatever is being investigated. 
The extent to which this may disturb the measurements can be Seen 
from the magnitude of the effect and has already been referred to in 
connection with the determination of the number of /} particles 
emitted in a radioactive disintegration. ) 
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§ 96. The absorption of ft particles. The first experiments on the 
absorption of homogeneous* beams were made by W. Wilson* in 1909. 
By means of a magnetic field he separated out approximately homo- 
geneous beams of P particles and measured the absorption* curves 
in aluminium by ari ionisation method. To a first approximation 
the curves he obtained could be described as showing .a linear relatioh 
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^between the ionisation and the thickness of material traversed, a re- 
sult in Striking contrast both with the previously obtained exponential 
iheorption curves and with the Bragg absorptioh curve shown by 
41 particles. 

A general explanation of these differences was indicated by Wilson 
along the following lines. The typical exponential absorption curves 
for p particles had been obtained with the total p radiation from 
various radioactive bodies. At that time it was always assumed that 
thefee radiatl6ns*were homogeneous in velocity from analogy with the 
a "fays, but Wilson pointed out that the disagreement with his ex- 
periment disappeared if the total /? radiation from* the radioactive 
* Wilson, Proc . Roy . 8oc . A, 82, 612, 1909. 
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substances was heterogeneous in velocity, a result subsequently 
proved to be correct. * 

Subsequently similar experiments have been carried out by Varder*, 
Madgwickf and Eddy J. Xhe general results may be illustrated by 
curves taken from Varder’s paper shown in Fig. 1 10. This refers to 
p particles of Hp 2535 and shows the transmission through paper, 
aluminium, tin and platinum. There is a progressive change in shape 
of the absorption curves which may be ascribed to the relative effects 
of scattering in the different materials. For a substance like paper, 
which contains only elements of low atomic weight, the effect of 
scattering is less important than for aluminium, so that a greater 



fraction of ft rays will penetrate a given thickness of matter, whereas 
the opposite is the case for tin and platinum, and the curves for these > 
metals are convex to the origin. 

The form of the absorption curve appears therefore to have* small 
importance, since bfeing mainly controlled by the scarring it is very • 
dependent on the design of the apparatus and the varying extent to 
which scattered rays are measured. A typical apparatus f used for 
this type of work is shown in Fig. 111. The radioactive source A can 
be easily manipulated by removing the plate K t and the shutter F 
enables the stray radiation to be measured. At D, just above the 
opening C of the evacuated box, is placed the measuring instrument, 


• Varder, Phil. Mag. 29, 726, 1915. 
t Madgwick, Proc. Camb. Phil. Soc. 23, 970, 1927. 
t Eddy, Proc. Camb. Phil. Soc. 25, 60, 1929. 
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either ionisation chamber or counter. 1$ the diagram, an ionisation 
chamber D is shownr and also an arrangement E lor compensating 
the greater portion of the y ray effect. It is usual to have the line 
AC near the top edge of the magnetic field, since this is convenient 
and does not introduce any great error in the focussing. Eddy* showed 
that different forms of absorption curves were obtained when different 
angular fractions of the transmitted beam were included, and that 
with aluminium as absorber it was possible to reproduce an entire 



range of curves similar to those shown in Fig. 1 10 merely by varying 
the angular fraction of the transmitted beam which is measured, 
.^the curves cofivex to the origin are obtained faith small angular 
width. 

A further complication in this type of measurement has been the 
use of ionisation chambers of such shape and size that they do not 
respond equally to particles entering in different directions. This 
tends* to emphasise the effect of scattering and increases the con- 
vexity of the curves towards the origin. Eddy * Was able to show that 
using a counter and including a large fraction of the transmitted 

' ♦ Eddy, Froc. Camb. Phil Soc . 25, 50, 1929. 
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beam the absorption curves became initially concave to the origin 
and showed a marked flattening approaching the form of an a ray 
absorption curve. This initial flattening was still noticeable even in 
the case of absorption by heavy elements. 

An interesting feature of these curves is the end point representing 
the greatest thickness that can be penetrated, that is, the range of 
the P particles. This is, as one would expect, independent of the 
method of measurement, although it is more difficult to fix with 
curves convex to the origin. Examples of absorption curves in 
aluminium of different speed p particles are shown in Fig. 112, which 
is taken from Madg wick’s paper. The end point cannot be determined 
very definitely and it is difficult to be sure whether the small tail is 
real or is only a stray effect. It is found, however, that if the main 
portion of the curve is extrapolated to cut the axis, a reproducible 
figure is obtained which may be called the effective range. 

The effective range increases rapidly with the speed of the particle, 
being 6000 times greater for p particles of Hp 12,000 than for those 
of Hp 350. 

The most accurate measurements of ranges have been made in 
aluminium, and a summary of the results obtained by Varder and 
Madgwick is included in the table on page 422. ' 

This phenomenon has been very thoroughly investigated by 
Schonland*, using cathode rays of Hp 340 to 1000. The conditions are 
more favourable with cathode rays, since the intense beams available 
enable the currents to a Faraday cylinder to be measured with a 
galvanometer, and further there is no trouble with y rays. This made 
it possible to follow in detail the fate of the entire beam incident on 
the foil and to find the fractions transmitted, absorbed and reflected. 
The essential parts of the apparatus he used are shown in Fig. 113, 

The beam of electrons from a cathode ray tube entered the water- 
cooled solenoid S£t through the hole H . A is an evacuated box, in 
which the rays, originally at right angles to the plane of the paper, 
^re bent upwards through a right angle, to pass through the opening 
B into the measuring apparatus. F is a search coil which could be 
manipulated into a correct position for measuring the field. The 
divergent beam of electrons passed through a set of slits designed to 
cut down scattered rays and fall upon the foil W. By suitably in- 
sulating the different parts of the apparatus, it was possible to 
measure t f , the portion penetrating the foil, i ri the portion reflected, and 
* Schonland, Proc. Roy . Soc . A, 104, 236, 1923; 108, 187, 1926. 
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either ionisation chamber or counter. 1$ the diagram, an ionisation 
chamber D is shownr and also an arrangement E lor compensating 
the greater portion of the y ray effect. It is usual to have the line 
AC near the top edge of the magnetic field, since this is convenient 
and does not introduce any great error in the focussing. Eddy* showed 
that different forms of absorption curves were obtained when different 
angular fractions of the transmitted beam were included, and that 
with aluminium as absorber it was possible to reproduce an entire 



range of curves similar to those shown in Fig. 1 10 merely by varying 
the angular fraction of the transmitted beam which is measured, 
.^the curves cofivex to the origin are obtained faith small angular 
width. 

A further complication in this type of measurement has been the 
use of ionisation chambers of such shape and size that they do not 
respond equally to particles entering in different directions. This 
tends* to emphasise the effect of scattering and increases the con- 
vexity of the curves towards the origin. Eddy * Was able to show that 
using a counter and including a large fraction of the transmitted 

' ♦ Eddy, Froc. Camb. Phil Soc . 25, 50, 1929. 
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(the curve being read from right to left) until a critical value of the 
velocity is reached, when a decrease begins, becoming more rapid at 
high velocities. This means that were we to consider electrons of 
given velocity and investigate the amount reflected as the thickness 
of foil was increased, we should find a steadily increasing reflection 
until a thickness of about half the range was reached, when further 
increase in thickness would produce no change in the reflection since 
electrons reaching the deeper layers even if turned back would not 
be able to get out. 

The variation of the fraction absorbed can be seen both from this 
figure and from Fig. 115. The different curves in this figure refer to 



different thicknesses of foil at IF in Fig. 113. With sufficiently thick 
foils or sufficiently slow electrons no electrons are transmitted, and as 

a constant fraction of the beam is found to be reflected, a constant 

fraction is absorbed/ As the velocity of the rays is increased (the curves 
being read from right to left) the true absorption begins to diminish. 

T* is to be noted that the curves do not pass through the origin, 
indicating that rays possessing a velocity higher than that corre- 
sponding to the point R (Fig. 114) do not suffer any appreciable 
absorption. The transmitted fraction represents what is left of the 
beam after reflection and absorption have played their part. 

In Fig. 115 we can estimate the speed of particles having a range 
equal to that of the foil employed by producing the linear and the 
horizontal portions to meet at a point like P. This is found to be 


87*2 
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either ionisation chamber or counter. 1$ the diagram, an ionisation 
chamber D is shownr and also an arrangement E lor compensating 
the greater portion of the y ray effect. It is usual to have the line 
AC near the top edge of the magnetic field, since this is convenient 
and does not introduce any great error in the focussing. Eddy* showed 
that different forms of absorption curves were obtained when different 
angular fractions of the transmitted beam were included, and that 
with aluminium as absorber it was possible to reproduce an entire 



range of curves similar to those shown in Fig. 1 10 merely by varying 
the angular fraction of the transmitted beam which is measured, 
.^the curves cofivex to the origin are obtained faith small angular 
width. 

A further complication in this type of measurement has been the 
use of ionisation chambers of such shape and size that they do not 
respond equally to particles entering in different directions. This 
tends* to emphasise the effect of scattering and increases the con- 
vexity of the curves towards the origin. Eddy * Was able to show that 
using a counter and including a large fraction of the transmitted 

' ♦ Eddy, Froc. Camb. Phil Soc . 25, 50, 1929. 
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percentage reflected depends on the experimental conditions. In 
this case the incident beam is confined to one direction, and any 
electrons emerging on the incidence side are counted as reflected 
electrons. Chalmers’* work suggests that when the electrons are 



300 . # 400 Hp 500 600 


Fig. 116. 

incident on the material at all angles, and reflection normal to the 
surface only is considered, then the percentage reflection will be 

about twice the above values. 

The experiments of Wilson, Varder, Madgwick, Eddy and Schon- 
lard that have been described provide the evidence for the existence 
of an effective range, and give values over an extended range of 
* Chalmers, Phil, Mag , (in publication). 
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velocities. Some of these are shown in the next table. The measure- 
ments with p rays refer to the range in aluminium and this was also 
chiefly used by Schonland, but his results just quoted suggest that 
the same effective range measured in gm./cm. a would be found in 
other metals. There is a systematic disagreement between Varder 
and Madgwick, Madgwick’s values being consistently higher. Eddy 
finds values supporting Varder and considers Madgwick’s results are 
uncertain owing to the type of ionisation chamber he employed giving 
absorption curves which were difficult to extrapolate. 


Ranges in aluminium of electrons of various speeds 


H P 

Range in gm./cm. 2 

Schonland 

Varder 

Madgwick 

Eddy 

342 

0-000250 







372 

0-000336 

— 

— 

— 

401 

0 000375 

— 

— 

— 

465 

0-000664 

— 

— 

— 

627 

0 00117 

— 

— 

— 

583 

0-00169 

— 

— 

— 

627 

0*00232 

— 

— 

— 

694 

0-00341 

— 

— 

— 

916 

00070 

-- 

— 

— 

1,010 

0-0095 

— 

— 

— 

1,040 

0-0108 

— 

— 

— 

1,380 

— 

(0-018) 

— 

0-020 

1,440 

— 

— 

0-03 

— 

1,680 

— 

— 

— 

0-045 

1,930 

— 

0-064 

— 

0-063 

2,160 

— 

— 

009 

— 

2,635 

— 

0-124 

— 

0-127 

2,880 

— 

— 

0*17 

— 

3,170 

— 

0-189 

— 

0-190 

3,600 

— 

— 

0-29 

— 

3,790 

— 

0-279 

— 

— 

4,400 

— 

0-360 

— 

— 

5,026 

— 

0*440 

— 

— 

5,040 

— 

— 

0-51 

— 

6,230 

— 

0-580 

— 

— 

6,480 

— 

— 

0-72 

— 

7,490 

— 

0-785 

— 

• — 

7,900 

— 

— 

1-0 

— 

8,590 

— 

0-925 

— 

— 

9,320 

— 

— 

1-2 

— 

11,370 

— 

1-36 

— 

— 


Another method of investigating the range of P particles which has 
a greater theoretical interest is to measure the total length of the 
track in an expansion chamber. This method of investigation has 
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from technical reasons 90 far been confined to slow rays of less 
than 80,000 volts. The electrons are conveniently generated by 
photo-electric effect of X rays on the gas in the chamber. The most 
comprehensive results have been obtained by E. J. Williams and 
were described on p. 143. 

§ 97. Reduction in velocity by the electrical method. The first ex- 
periments by the electrical method were carried out by W. Wilson*. 
They are important because they provided the first definite proof that 
j8 particles were slowed down in passing through matter. The source 
was a thin glass bulb containing radon, and the particles from the 
products radium B and radium C were separated out into a velocity 
spectrum by a magnetic field. After traversing a quarter of a circle 
in this field, a small portion of the rays was allowed to pass through 
a small hole into a second independent magnetic field which bent 
them through another quarter of a circle into an electroscope where 
they were measured. This method does not give a very homo- 
geneous beam and it was found that, when the first magnetic field 
was kept, constant, particles entered the electroscope for a con- 
siderable range of values of the second magnetic field. However, 
there was one value of this field where the ionising effect was a 
maximum, and if now the hole through which the particles entered 
the second field was covered with a thin sheet of aluminium, it was 
found that a smaller value of the second magnetic field was required 
in order to obtain the maximum effect in the electroscope. This 
showed clearly that passage through the aluminium diminished the 
velocity of the 0 particles, since they were now more easily bent in 
the second magnetic field. To obtain measurable effects Wilson had 
to use thick sheets of aluminium, which renders the interpretation 
of the results rather difficult, but he was able to show definitely that 
the amount of retardation in passing through a given screen increased 
rapidly with decreasing velocity of the particle. 

Recently Madgwickf has carried out experiments on this subject 
by a greatly improved method. His apparatus has already been shown 
in Fig. 111. The source A was a small plate coated with thorium active 
deposit, and by varying the magnetic field successive portions of the 
spectrum could be allowed to enter the ionisation chamber D. With 
an apparatus of this type, which uses the focussing method, it is 

* Wilson, Proc. Roy . 80 c . A, 84, 141, 1910. 

t Madgwiok, Proc. Comb. Phil Soc. 23, 970, 1927. 
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possible to isolate the stronger of the homogeneous lines emitted 
by the source. The top curve of Fig. 117 shows the strong line Hp 1382, 
with the background (continuous spectrum) for a small range on 
either side. If now absorbing screens are placed over the source A 
it will be seen that the line moves bodily to smaller Hp ' s and at the 



Fig. 117. 

same time becomes broader, until finally it is almost lost in the back- 
ground. The great advantage of using a jS ray line by which to observe 
the reduction in velocity can be seen by inspection of these curves. 
There are clearly two points on which attention must be fixed, 
firstly the average loss of velocity, represented approximately by 
the shift back of the peak of the line, and secondly the amount of 

inhomogeneity introduced, which is represented by the broadening. 
Prom the theoretical standpoint the amount of heterogeneity in- 
troduced, or more accurately the velocity distribution of an initially 
homogeneous beam, is the fundamental quantity to which all cal- 
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culations would refer, and were it possible to find it this would be the 
most interesting deduction to make from these experiments. How- 
ever, owing to the size of source and slit, the curve of the unretarded 
line is so wide that little accurate information can be deduced about 
the form of the distribution function, although the amount can be 



gauged from the fact that the high-velocity foot of the curve only 
moves back at about half the rate that the peak does. For instance 
a gold sheet of 8 mg. /cm. 8 retards the peak by 60 Hp but the high- 
velocity foot by only about 30 Hp, The initial homogeneous beam of 
fi particles of velocity Hp 1382 has now become a diffuse beam con- 
sisting of particles between Hp 1 350 and, say, Hp 1 280, with a maximum 
at Hp 1320. 
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It is possible to measure the distance the peak moves baok with 
fair accuracy, and the results for screens of gold, silver, copper and 
aluminium are shown in Fig. 118, where the change in Hp is plotted 
against the weight per sq. cm. of the screen. The relation appears to 
be linear, at least up to a retardation of 10 per cent. This may be 
compared with White and Millington's experiments described in the 
next section, in which they found the linear relation to be not strictly 
true for small thicknesses. If we compare the retardation produced 
by different metals we find there is surprisingly little difference con- 
sidering the large range of atomic numbers, but there is yet definite 
evidence of a small variation. This point is important, since d’Espine, 
vising a photographic method, found no difference between different 
elements when compared on the basis of equal superficial mass. 

It is usual to give the stopping power by stating the 8 (Hp) produced 
by screens of 10 mg. per sq. cm., and it can be seen that Madgwick’s 
results give values of 107, 101, 98 and 78 for aluminium, copper, silver 

and gold respectively, for ft particles of speed corresponding to Hp 1392. 
The electrical method, while undoubtedly the best, is of rather limited 
application, since there are few ft ray lines of sufficient intensity to 
give good results, and, such as there are, are all in the same region of 
velocity. To find how the stopping power varies with velocity it is 
necessary to turn to the photographic method. 

§ 98. Reduction in velocity by the photographic method. This 
method was introduced by von Baeyer, Hahn and Meitner*, but the 
first actual measurements were carried out by von Baeyerf later. 
He made use of the homogeneous groups emitted by thorium active 

deposit and observed their velocity by magnetic deflection first with 
a bare source, and then with the source covered with thin foils. The 

great advantage of this method was at once apparent, for in one 

photograph it was possible to observe the shift of several lines and 
t to obtain information about the variation of the retardation with 

velocity. 

Von Baeyer used the method of direct deflection and the shift of 
the lines was only of the order of one-third of a millimetre, but he 

j noted that the reduction in velocity appeared to depend only on the 
1 superficial mass and not on the nature of the absorbing material, and 
1 further he showed that the faster groups were far less retarded than 

* von Baeyer, Hahn and Meitner, Phys. Zeit. 12, 275, 1911. 
f von Baeyer, Phys. Zeit. 18, 485, 1912. 



PHOTOGRAPHIC METHOD 


427 


the slower ones. At the same time Danysz* had been making 
measurements on this problem, but he used the superior focussing 
method and obtained values over a range from Hp 1410-5840. 

He confirmed von Baeyer’s conclusions and determined the variation 
with velocity more accurately. A great improvement in technique 
first suggested by Danysz was introduced by Rawlinsonf. A fine 
activated wire was covered for half its length by a sheet of the metal 
under investigation and this source placed in an ordinary focussing 
apparatus. Both halves of the source will give a spectrum consisting 
of lines extending right across the plate, but the groups coming from 
the covered half of the source will be retarded relatively to those from 
the uncovered half. Except for a very small correction, the loss in 
velocity (A Hp) is given by measuring the distance between the un- 
retarded and retarded lines and multiplying by half the value of the 
magnetic field. It is thus measured directly and not found as the differ- 
ence between two large Hp’ & measured in two distinct experiments. 
Rawlinson was the first to direct attention to the necessity for taking 
measurements to a definite portion of the displaced line, since it was 
obvious from the photograph that the displaced line was considerably 
broadened. As far as was possible by visual estimation, he measured to 
the maximum of the retarded line, and his results are therefore directly 
comparable with Bohr’s calculations (see § 99). The most important 
new result that he obtained was that for equal superficial masses the 
heavier elements showed a smaller stopping power than the light 
elements, and this is supported by Madgwick’s observations. The 

variation with atomic number is not large except for slow jS particles 

but appears to be quite definite. 

Variation of stopping power with atomic number 


Stopping power = A {Hp) in traversing foil 10 mg./cm.* 


Origin 
of group 

H P ' 

Mica 

Alu- 

minium 

Copper 

Silver 

Tin 

Gold 

ThB 

1398 

-• 

107 

101 

98 

— 

78 

Madgwick 

EaB 

1410 

138 

— 

— 

— 

89 

— 



1077 

101 

— 

— 

— 

67 

— 



1938 

78 

— 

— 

— 

57 

— 

. Rawlinson 

RaC 

4866 

47 

— 

— 

— 

38 

32 



5281 

49 

— 

— 

— 

38 

— 



5904 

43 


— 

— 

32 

33 



* Danysz, Joum. de physique , 8, 949, 1913. 
t Rawlinson, Phil, Mag, 30, 627, 1915. 
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We have already pointed out that d’Espine * observed no differ- 
ence between the stopping powers of aluminium, copper, silver and 
gold, but in this case the foils were wrapped round the source. This 
method may introduce errors, since it is more difficult to estimate 
the average distance traversed in the foil. The results of Rawlinson 
and of Madgwick seem to be the most reliable and appear to be 
confirmed by the recent work of White and Millingtonf . It may be 
pointed out that fit tie progress was likely to be made until far more 
attention was paid to the technique of the experiments. It was 
essential that the lines on the photographic plates should be photo- 
metered so that the distribution of intensity in the lines could be 
found and that proper precautions should be taken to ensure that the 
particles passed through the foil at approximately the same angle. 
Another point which had been neglected in the past was the effect 
of the diameter of the source. It had been always assumed that the 
distance between the maxima of the unretarded and retarded lines 
measured the average loss of energy, but while this is approximately 
true for an infinitely narrow source, it is by no means necessarily true 
for sources whose diameter is comparable with the shift to be measured. 
This is rather a complex matter, depending on the exact form of the 
fi ray lines given by a focussing apparatus, and also on the velocity 
distribution of the particles after passing the foil, and is discussed 
by White and Millington. 

It was these considerations which formed the starting point of 

a very thorough reinvestigation of the problem by White and Milling- 

tonf. They used the strong jS ray groups of radium (B + C), employing 

the focussing method and mica as stopping material. The mica sheet 

was placed immediately over the source and was inclined at a small 

angle so that the majority of the rays traversed it normally. They 

estimate that the paths of the different rays in the screen did not 

differ by more than 2 per cent. Two holes were pierced in the mica, 
leaving a portion of the source bare, and the amount of this un- 

covered portion was adjusted so that the traces of the unretarded 
and retarded beams were approximately of the same density. Re- 
productions of two of their photographs are shown in Plate XII, figs. 2 

and 3. These show the three strong lines of radium B, which reading 

left to right are Hp 1410, 1677 and 1938, and were taken with screens 


* d’Eepine, CM. 182, 458, 1926. 

f White and Millington, Proc. Roy . Soc. A, 120, 701, 1928. 
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of mica 5*72 mg. /cm. 2 arid 2-65 mg. /cm. 2 respectively. The magnetic 
fields were slightly different in the two cases, so the lines have not the 
same position. The two sets of lines can easily be seen, the sharp 
narrow ones are the unretarded lines and immediately on the left 
of each is the retarded line. By comparing these two photographs 
one can see how the retardation increases with the thickness of 
the screen, and decreases with increasing speed of the group, and 
further how the straggling, shown by the broadening of the trace, 
is greater with the thicker screen. These photographs were then 
photometered and the results corrected for the characteristic curve 
of the photographic plate to give the true distribution of the number 



H ? 


of particles along the plate. Since the unstraggled trace had a finite 

breadth, the straggled trace did not show that curve which would 

have been obtained with an ideally fine unstraggled line. A numerical 
way of effecting this correction was worked out, for the details of 

which the original paper should be consulted. 

The results for ]3 particles of speed Hp 1938 are shown in Fig. 119, 
where the successive curves labelled I to IV show the distribution 

with velocity of an initially homogeneous beam after traversing 

screens of mica 2*25, 2-65, 3*95 and 5*72 mg. per sq. cm. It is at once 
apparent how much more definite and complete is the information 

yielded by this type of analysis. We wdll first consider the most 

probable retardation as shown by the peak of these curves, since this 
corresponds most nearly to what the previous observers had measured, 
and is further a definite feature on which theory can be compared with 
experiment. White and Millington’s results for the peak displacement 
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are given in the next table, which includes measurements on some 
higher- velocity lines. 


Line 

(Up) 

Thickness 
of screen in 
mg./cm. a 
-10a 

i(Hp) 

I=8(H P )/o 

Average I 

0 s 

Ij 9 8 

1410 

2*25 

23-6* 

105 

105*5 

0-2615 

27-6 


2-65 

25-0* 

94-3 






28*8 

107 





3-95 

41-6* 

105 






46-2 

117 




1677 

2*25 

16-3* 

72-4 

89*2 

0-3478 

30-9 


2-65 

19-4* 

73-6 






21-1 

79-4 





3-95 

33-6* 

85-0 





5-72 

58-5* 

99-5 





7-92 

85-5 

108 





111 

117 

105 




1938 

2 25 

16 4* 

94 3 

78-0 

0-4265 

33-3 


2-Go 

16-4* 

61 4 






17-5 

65-9 





3 95 

23-8* 

60-3 





5-72 

45-5* 

79-9 






46-2 

80-8 






49-8 

87-1 





7-92 

63-8 

80-5 





111 

87-2 

78 -5 






980 

86*1 






92-3 

831 




2256 

5*72 

36-3 

63-4 

67-5 

0*5112 

34-5 



40*0 

70*0 





111 

75-9 

68*4 






75-7 

68-1 


• 


2980 

5-72 

31*8 

55*6 

55-8 

0-6506 

30-6 



32 1 

56 1 






37-7 

65*8 





1M 

56*0 

510 






56 - 1 * 

60*6 




4866 

142 

62-4+ 

44-0 

440 

0-8426 

37-0 

5904 

14*2 | 

02 - 0 * 

43*0 

430 

0-8880 

38-8 


* These were measured from the photometer curves, 
t Only one doubtful reading for this line. 
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The unstarred values represent figures deduced directly from other 
photographs which were not subjected to the detailed analysis re- 
ferred to above. These additional values should, however, also be 
rather more dependable than any obtained previously, since the 
authors had the advantage of the experience of the complete analysis 
of the main plates. The stopping power I is put equal to 8(///>)/o, where 
a is the thickness of the foil in centigrams/cm. 2 White and Millington 
considered that these figures showed that I was not constant, as had 
been found by previous observers, but was slightly less for small thick- 
nesses. If the starred 8 (Hp) values in the table are plotted against 
the thickness <r, it will be found that on the whole there is a distinct 
tendency for the curves to be convex to the axis of cr, but the effect 
is not large. An effect of this kind is predicted by Bohr’s theory and 
is due to the term log* a in equation (4) , § 1 00 (infra) . It appears, however, 
that the rate of variation actually found is more rapid than that pre- 
dicted by the equation and that as regards this matter the theory 
needs amendment. 

It is important to consider the variation of the stopping power I 

with speed of the particles. Bohr’s theory suggests that, if /3 is the 
velocity of the particles in terms of the velocity of light, // 3 3 should 
be nearly constant. The exact equation will be found in § 100, p. 440, 
and a detailed comparison with theory is made later. At the moment 
we will draw attention only to the important point that the term /3 3 
accounts for the greater part of the variation of the retardation with 
velocity. 

The experimental evidence about the straggling of the ft particles 
has alr» ady been illustrated by means of the curves of Fig. 119. These 
have been drawn so that the area under the various curves is the 

same, that is, as if no particles had been lost from the beam. 

The curves all show the same general features ; a well-defined peak 
of approximately Gfaussian form, which merges on the side of greater 

loss of velocity into a tail which increases rapidly both in height 
and length relatively to the peak, as the thickness of straggling 
notarial increases or the initial velocity decreases. 

It is important to examine whether all the curves contained in 

the set of curves can be summarised into a single curve. 

If the tangents at the two points of inflection of each of these 

curves are produced to cut the axis of abscissae in F and B (as in 

Fig. 120) and if 0 is the abscissa corresponding to no loss of velocity, 
P the abscissa corresponding to the maximum of the curve, then the 
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quantities OF , OP and OB> which we may call the "foot,” "peak” 
and "back” displacements respectively, will be independent of the 
scale of ordinates chosen. 

It is found that as the three points F, P , B move back with in- 
creasing thickness the ratios of their mutual distances apart remain 
approximately constant; in other words, there is not only a motion 
of the curve as a whole but also a proportional spreading. 


Frequency 



Fig. 120. 


Now OP the peak displacement has already been shown to be 

roughly proportional to the thickness a, and inversely as the cube of 

the velocity jS 3 , so to a first approximation if we write l, m and n 

for OF, OP and OB , we have 

ii0 0 0 

© jj3 * ^ ~~ ^0 jj3 ) ^ jgj > 


where l 09 m 0i n 0 are constants. 
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Corresponding to this general increase of abscissae proportionally 
to a/fP t there must be a fall of ordinates proportional to j 3 3 /u, if the 
area of the curve is to remain constant. With these suppositions, if 

y = g(x) 

is the equation to one of the curves for which /3 a /o- is unity, x being 
written for B(Hp), the equation for the general curve is 

»-*<*> - ^ g (^r) • 

From the curves similar to those in Fig. 119 for Hp 1410, 1677, and 
1938, the most probable shape of the curve y = g (x) was found; the 

values 18, 29, and 50 were obtained for l 0 , m Q , and n 0 respectively, 
a being measured, as is usual, in centigrams per sq. cm. The curve in 
Fig. 1 20 represents y=g ( x ) and in the next table are given the values of 

g (x) for a series of values of x , when the maximum at x = 29 is ad- 
justed to be 100, from which the curve y=<f>(x) can be drawn for any 
values of /S and a. 


Values of g (x). Max. at x=29 adjusted=»100. 


X 

g(x) 

X 

9 {*) 

X 

g (x) 

X 

9 (x) 

12 

0 

40 

620 

68 

130 

96 

1-3 

14 

45 

42 

55-5 

70 

117 

98 

1-0 

16 

10-5 

44 

I 49-5 

72 

10-5 

100 

0-8 

18 

| 17*8 

46 

! 440 

74 

9-4 

102 

0-6 

20 

! 27-5 

48 

390 

76 

8-4 

104 

0*4 

22 

43-8 

50 

34-5 

78 

;-4 

106 

0-3 

24 

66-3 

52 

30*5 

80 

6-5 

108 

0-2 

26 

89-3 

54 

27-0 

82 

5*6 

no 

01 

28 

99-5 

56 

24-0 

84 

4-8 

112 

00 

30 

99-8 

58 

21-5 

86 

41 

— 

— 

32 

96-8 

60 

19-5 

88 

3-4 

— 

— 

34 

80-3 

62 

17*7 

90 

2-8 

— 

— 

30 

77*3 

04 

16*0 

92 

2*2 

— 


38 

69 3 

66 

• 

14*4 

94 

1*7 

— 

— 


We must now consider the errors introduced by the assumption 
that the retardations, i.e. I, m, and n, are strictly proportional to the 
thickness. Since the experimental values for the foot and back dis- 
placements are less reliable than the corresponding peak displace- 
ments, we can allow for this effect to the order of accuracy of the 
experiment by putting in the expression for <f> (x) not the actual value 

o of the thickness, but an effective value o' adjusted to give the true 

peak displacement. It is found that within the limits of experi- 
mental error the effective thickness is independent of the initial 

28 


RRS 
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velocity over the ranges of thickness and velocity considered. The next 
table gives the values of a for a series of values of a from which with the 

g3 /g3 \ 

modified equation y = ~ g ( ^ x ) the straggling curve for any 
velocity and thickness in the given range can be computed. 

Effective thickness a corresponding to a thickness of 
foil a in centigrams per sq. cm. 



«*' 

Ol 

008 

0-2 

017 

0 3 

0-28 

0-4 

0-41 

0-5 

0-56 

0-6 

0-73 


Millington has also carried out experiments with gold, and finds 
that for the same thickness the peak shift is smaller than for mica, 

but the actual spreading is greater. The variation of /g 3 with the 
thickness o is more pronounced but the law of proportional spreading 
still holds, the values for l 0 , m 0 and n 0 being respectively 10, 21 and 60. 

§ 99 . Theories of the loss of energy of ft particles in passing through 
matter. The theory of the loss of energy of /9 particles traversing 

matter is fundamentally the same as that for a particles which has 
been considered in an earlier chapter. However, in the case of p 
particles considerable limitations are imposed upon theoretical 
calculation and experimental observation by the excessive scattering 

which these particles suffer, and the formulae derived for a particles 
are not applicable. The velocities of particles closely approach that 
of light, and relativity effects, which are negligible for a particles, 

must also be taken into account. 

Calculations on this problem were made by Bohr* in 1915 which 

went so deeply to the root of the matter that it is most convenient 

to refer to later work by pointing out the modifications introduced 

into the original theory. A short account will therefore be given of 
the special application of Bohr’s theory to j8 rays. 

If m and e denote the mass and charge of an electron and j9 the 

velocity of the fi particle expressed in terms of the velocity of light, 

* Bohr, Phil. Mag. 26, 10, 1913; 80, 681, 1916. 
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then as in chapter v it follows under the assumption of inverse 
square forces and neglecting relativity corrections that the energy 
given to an electron initially free and at rest is 


Q = 


2e\ 1 

mV 2 *p 2 ~b a 2 


( 1 ), 


where a — 2e 2 /mF 2 , and p is the perpendicular distance from the 
electron to the path of the ft particle before collision. 

In passing through a thickness Ax of matter containing n atoms 
per c.c., each with Z electrons, the average number dA of encounters 
of the ft particles with electrons for which p lies between p and 
no 4- dv is 

dA = 2 ttuZ Axp .dp (2), 


so that provided we could neglect the effect of the binding forces on 
the electrons we should have an average loss of energy 


A7 7 


47re 4 nZ Ax f 

ri I: 


P-dp 
mV 2 Jp 2 + a 2 


( 3 ). 


Now wliile for close collisions the energy transfer is so great and 

so rapid that it is quite correct to neglect the interatomic forces, this 
cannot be the case for distant collisions. It is just some such limi- 
tation to the upper limit that is required to keep the integral finite. 

This point has been treated in chapter v, but for the sake of com- 
pleteness Bohr’s argument will be repeated here. The electrons in 
the atom are supposed to be bound in the atoms by restoring forces 
varying inversely as the displacement so that every electron has a 
natural period of vibration r. The influence of these atomic forces 
on the energy acquired by an electron from the ft particle is negligible 

if the time of collision, which is of the order of pi V, is small compared 
with r, and the enqrgy lost is therefore given by (1). Now if the jS 
particle passes the electron at a distance so great that the force it 

exerts on the electron is of the same order as the atomic restoring 
forces and if the time of collision is of the order of the natural period 
r, the transference of energy to the electron is considerably restricted 

and is much less than the value expressed by (1). By considering 

this process in detail, Bohr showed that the loss of energy was the 
same as would be obtained from the expression (3) (which is only 

1*223 V 

valid for free electrons) if an upper limit of p r - — is inserted, 

Ztt v 

v being the frequency corresponding to r. A separate limit must in 

28-2 
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general be taken for each electron in the atom which will give rise 
to a summation sign in the final formula. 

The lower limit for p is of course zero, corresponding to a head on 
collision, and inserting this in (3) and integrating from p — 0 to 
p =* p r we should obtain the result already given in the section on 
a rays. Now this value does represent the mean loss of energy per 
particle and should ideal? y be measurable, but in practice tbere is 
no way of doing so. The very violent collisions, represented by p very 
small, will be very few in number but will each involve a large loss 
of energy, and will give rise to particles losing far more energy than 

the average. The object of the calculation must be to find the form 
of the velocity distribution curve and the position of the maximum 
since this is determinable by experiment. 

In the first section of this chapter a general formula was given for 
the probability W (A T) dT of an energy loss between A T and AT 4- dT. 
This formula was 

(AT-A.T)* 

W (AT) dT = (2ttP Ax)*c dT (4) 


and PAx was given by 5L4 r <2 r 2 , A r being the number of collisions 
with the impact parameter p between p r and p T -f 1 and Q r the 
corresponding energy loss. 

The validity of this probability argument depends entirely on all 

A r ’ s being sufficiently large, while the variation of Q r corresponding 

to the range p r to p r+1 must be small. These conditions will not be 
satisfied by very close collisions, and we will write p 0 for that impact 
parameter inside which we cannot go without seriously invalidating 
the probability arguments. The analytical expression for this criterion 

is that dA is not small compared with unity, which from the 

previous equations is identical with -nnZAx (p* + o a ) not being small 
compared with unity. 

Considering only the collisions which satisfy this criterion, we can 


[Pr 

QUA, 

h> 


P Ax = 


4*mZe s Ax 1 
m 2 F 4 'p* 


neglecting a in relation to p t and 1 jp r in relation to l/p 4 . This value 
of PAx determines the distribution function, and the energy loss 

corresponding to the peak is 


A(,T = 




( 6 ). 
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The average number of collisions per j9 particle which have not been 
taken into consideration is 

A 0 =7rnZAz (p e *) (7), 

which clearly we wish to be as small as possible. On the other hand 
the validity of the probability argument depends on i m Z Ax (p 0 * + a a ) 
being not small compared to unity. It is thus necessary to effect a 
compromise, which Bohr shows is most •conveniently arrived at by 
putting A 0 , that is 7rnZAx p 2 , equal to unity. With this value, p e is 
large compared to a, and it will be noticed that on the average we are 
neglecting one close collision for each particle. Inserting this value 
of p e in (5), we obtain from (4) and (6) formulae for the distribution 
of energy loss for all collisions excepting on the average one close 
collision per £ particle. The neglect of these collisions will not make 

a great deal of difference to the distribution. For example e _1 of the 
particles will not make this extra collision, and their energy losses 
will be given accurately by these formulae. The remainder must lose Q e 

or more where Q 9 is the value from ( 1 ) obtained by putting p = p e , and 
the distribution curve for these particles (4) will have to be moved back 
by an amount of the order of Q e , which for the usual thicknesses (Aa;) 

of foil used is of the order of one-tenth of A 0 T. Now it must be noted 
that those collisions for which Q^Q e will involve large angle deflections 
and many of the particles making one of these collisions will thereby 

escape measurement in experiments either like White and Milling- 
ton’s or in range experiments. It will thus be *een that while the value 
of A 0 T given by (6) is undoubtedly slightly under estimated, the 
error cannot be very large. The formula for A 0 T, the average energy 
loss, will be more accurate than that for W (AT), the distribution, 
which may be seriously in error for energy losses more than the 

maximum. 

The value for the most probable loss of energy obtained by the 
above considerations is 


Ao T = 


2ffe 4 wAx £ jo (H23) 2 F s nZAx 

m V* i 4citv 2 


( 8 ). 


For high-speed jS particles it is necessary to include the relativity 

corrections. These only make a slight alteration, leading to two 

additional terms in the logarithm, which at low speeds nearly cancel 


A, T- 


mV * i 


"lo 


log (1 - fF) - 

(9). 
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Prom this expression by integration it is possible to obtain the 
average range H of /9 particles of given speed. 

a - 2 ”‘nS K 1 - P*) 1 + (» - /3-r* - 2 ], 
where S = 2 log - log (1 - /3») - /3»J ...(10). 

The expression in equation (9) differs from the corresponding 
expression for a rays by the occurrence of Ax inside the logarithm, 
and the rate of loss of energy corresponding to the peak of the distri- 
bution curve thus depends slightly on the thickness. The reason for 
the occurrence of this Ax is of course that the lower limit to the in- 
tegral p e has been taken as a function of Ax according to equation (7). 
From a physical standpoint we may put it as follows. For any given 
thickness of matter there are certain close collisions which for 
purposes of calculation it is desirable at first to leave out. It is 
subsequently shown that since these collisions remove the particles 

concerned either from observation or frqm the neighbourhood of 

the maximum of the distribution curve, they will have little effect 
on the position of the maximum. It is legitimate to omit these 

collisions in the calculation of the position of the maximum. Now the 

criterion of the collisions which are omitted is their infrequency of 

occurrence, so that for very small thicknesses we must omit collisions 

with larger impact parameters than for larger thicknesses. The result 

is that the stopping power of the material measured by the retarda- 
tion of the maximum will become greater for larger thicknesses since 
more of the actually occurring collisions contribute to it. 

It will be noticed that the essential point in which the theoretical 

considerations on the passage of j8 rays through matter differ from 
those for a rays is in the consideration of the close collisions. The 

treatment of the more distant collisions is identical in the two cases. 

All that has been said in chapter v about the modifications of Bohr’s 

outlook introduced by Henderson* to fit the original quantum theory, 

and by Gaunt j to fit the modem wave theory, also apply here. This 

is also true of E. J, Williams’} and Thomas’! refinements to the 
theory to take into account the effed of the velocities of the electrons 

which are essentiaUy concerned with the more distant collisions. 

* Henderson, Phil. Mag. 44, 680, 1922. 

t Gaunt, Proc. Camb. Phil Soc. 23, 732, 1927. 

% E. J. Williams, Proc. Manch. Lit. and Phil. Soc. 71, No. 4, 23, 1927. 

{ Thomaa, Proc , Camb . Phil Soc, 23, 713, 1927. 
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It will be remembered from chapter v that the general effect of 

the modem theories is to change slightly the picture of the mode of 
transfer of energy in distant collisions without seriously modifying 
the formulae for the mean energy transfer. In view of the rather low 
accuracy of the results so far obtained for /3 rays, it appears quite 
sufficient to use Bohr’s original formulae for comparison with ex- 
periment. There is one point, however, which may be noted. On 
Bohr’s theory there is a slight transference of energy for all collisions, 
although the energy so transferred is exceedingly small and far less 
than any ionisation or resonance energy. The modem quantum 
view of such collisions is that in the aggregate approximately 
the same amount of energy is transferred as on the classical 
theory, but that this happens by a few cases of transference of 
large amounts of energy of the order of the ionisation energy of 
tho atom. In a collision of a certain impact parameter p there 
is a probability q of transferring approximately the ionisation 
energy Q , and a probability 1 - q of there being no loss of energy. 

The statistical result is much the same as on Bohr’s theory, since qQ 

is approximately equal to the classical energy transfer corresponding 
to the parameter p. 


§ 100. Comparison ol theory with experiment. If in equation (9) of 
the preceding paragraph we change from loss of energy A T to loss 
of momentum A II p and further from the thickness Air of the sheet 

to its superficial mass a measured in centigrams, we obtain after 

rearrangement 


g» A (Hp) 

1 O’ 


= / j9 3 = 


2 ne*N Z I" (M23)*cW 
100 me" A L. l0g5 “100 4 tt 



+ .log. o - log. 


1- jS a 
0 s 



..(1), 


where 1 is atomic number, A atomic weight and N Avogadro’s con- 

stant. The quantity which is unknown and which expresses the 



henceforth denote by 2 C. 

If we insert the values of the constants, we obtain 


//3 s = 6- 10 ^96- 1 - log, ^ + log, a - log. 
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which for aluminium becomes 


I M ft 3 = 2-45 95-4 + log, a - log, - j8* - 2C A1 

We may obtain the expression for mica, which is 


.( 3 ). 


H a (K or Na) Al s Si 3 0 12 , 

by noticing that the expression — log* A/Z + log* o, that is log* cr Z/A , 
is proportional to the number of electrons in unit area of the foil. 
Inserting the values of the constants gives 

Ante* jS* = 2-53 |^95-4 + log,o - log, - P* - 2Cmlcaj (4), 

an expression almost identical with that for aluminium. 

We can test this equation by White and Millington’s results by 
seeing whether the variation with velocity is given correctly. As already 
pointed out, this is mainly due to the term £ 3 on the left of the equation. 
The results are shown in the next table, the measured values of the 
stopping power / being in the second column. The calculation has been 
carried out on the assumption that the values refer to the thicknesses 
a as shown in the fourth column. This is a rough method of taking 
into account the fact that the lower the speed, the smaller is the 
thickness over which measurements can be taken. 

The fifth column contains the values of C m i c & calculated from 
the equation, and these should be constant. 


Hp of p particle 

' 


a 

Calm 

1410 

105-5 

27-6 

0-265 

40-8 

1677 

89-2 

30-9 

0-4 

40-6 

1938 

78-0 

33-3 

0-8 

40-7 

2256 

67-5 

34-5 


40-6 

2980 

55-8 

36-6 

10 

40-4 

4866 

440 

37-0 

1-4 

40-7 

6904 

43-6 

38-8 

14 

40-6 


It is clear that the variation of the stopping power, /, with velocity 
is very satisfactorily given by this formula. 

In judging the extent of the agreement it must be remembered 
that the quantity (7 m ica is not very sensitive to errors in /, in fact 6 per 
cent, change in I only produces a 1 per cent, change in Cnuc*. 

We may attempt to estimate how the characteristic stopping 
constants vary from body to body from the measured stopping powers 
quoted in § 98, p. 427, by applying equation (2). 
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Material 

Hp of j3 particles 


C 

Aluminium 

1398 

107 

41*1 

Copper 

1398 

101 

41*1 

Silver 

1398 

98 

410 

Tin 

1410 

89 

413 

Gold 

1398 

78 

41*7 


The similarity in the values of G is noteworthy. It appears that 
the observed variation in the stopping power 1 is mainly accounted for 
by the variation in the factor Z/A, what remains has little effect on the 
constant C owing to the insensitivity of the equation. These results 
cannot be compared directly with White and Millington’s results for 
mica, owing to differences in the technique of the experiment. 

The method of comparison which has been used has, in effect, only 
tested the ability of Bohr’s formula to account for the variation of 
the stopping power with velocity. To determine whether it can give 
the absolute magnitudes we might attempt to correlate the character- 
istic constants C with S log v , v being some frequencies characteristic 
of the atom, but we should at once encounter difficulties in the 
choice of these frequencies. E. J. Williams* has developed another 
method of treating this problem which avoids this difficulty. Referring 
to equations (1) and (2), p. 435, it will be found by elimination of p , 
that the chance (f>(Q ) dQ of a loss of energy between Q and Q -f dQ 
at one collision in passing through a thickness Ax is 

4>(Q) d Q=~nZAx d 9 (5). 

We may test the correctness of our theories of the interchange of 
energy between the jS particles and the electrons in the atom by in- 
vestigating the validity of this simple equation. 

The first point investigated by Williams was the form of the 
straggling curve for j3 particles. He showed that excellent agreement 
could be obtained on Boh/s theory with the results of White and 
Millington. For example the width at half maximum should on theory 
vary as (A x) n ~ l IV 2 if n is the exponent of the law of force, while ex- 
perimental results showed that the width at half maximum varied 
as (Aa :) 1 0:1:0 1 /F 18±06 . The relevant collisions in these experiments 
were of a distance of approach of the order of 10~ u cm. and it appears 
that in this region the inverse square law is valid. That part of the 
formula involving l/FHJ* is thus strongly confirmed. However, the 

* E. J. Williams, Proe. Roy . Soc . A, 125, 420, 1929. 
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absolute magnitude of the straggling is about 2*4 times the theoretical 
amount, and even allowing for the effect of scattering in the foil is 
still certainly twice too large. We can express this result by multiply- 
ing the right-hand side of equation (5) by two. 1 

The same result is obtained by considering in detail the variation 
of the stopping power with thickness of foil traversed. It has already 
been mentioned that White and Millington’s experiments showed that 
the stopping power 7 = 8 (Hp)/a increased more rapidly with a than 
was predicted by Bohr’s theory. Williams showed that agreement of 
theory with experiment could be obtained by insertion of the 2 as 
above. 

It is interesting to note that a similar result was deduced from the 
consideration of a particle straggling. It appears that in both the 
cases of a particles and ft particles, collisions involving a given energy 
loss of about the magnitude considered occur twice as frequently as 
calculated on the classical theory. 

The other feature which has been measured by experiment and 
calculated by theory is the range of the ft particles. An expression for 
the range was quoted in equation ( 10), § 99. If as usual we express the 
range in grams per sq. cm. ( G ), we obtain the following expression 

G = 


the symbols being as before. 

Inserting the values of the constants, we obtain 

G 

w- 

We can compare this expression with the measured ranges in 
aluminium quoted in § 96 in the following way. Inserting the values of 
the atomic weight and atomic number for aluminium, we get after re- 
arrangement 

50-05 - = 3-48 - i log, 0 (8), 

F (0) =(1 -/?»)*+ (1-0*)-* _2 

<f> (P) ~ l°ge 


= 3-34 


A (1 - p)i + (1 - £ «)-*- 

Z 100-8 + log. O - log, ^ ~ log. — 


- /S* - 2C 


2tt e*N 


(1)'^ 


(1 - ft 2 )* + (1 - £*)-»- 2 

( ^N Z + log. a- log. L- _ 7 - 2(7 


where 
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The next table shows the extent to which this equation fits the 
experimental facts. The first two columns show the measured ranges 
of particles of different speeds. The next three columns show the 
values of the three quantities occurring on the right-hand side of 
the equation, and the last column shows their sum which should be 
constant. 


Col. I 

Col. II 

Col. Ill 

Col. IV 

Col. V 

Col. VI 

Hp 

Measured range 

O gra./cm. 2 

3-48 F(P) 
G 

W(W 

i l°g e G 

50-05 -C*, 

342 

2-50 x 10- 4 

5-61 

1-50 

— 4*14 

11*2 

372 

3-36 

5-71 

1-47 

-4*00 

11*2 

401 

3-75 

7-25 

1-45 

-3-94 

126 

405 

6-64 

6-70 

1 35 

-3*66 

11*7 

527 

117 xl0~ 3 

6-33 

1*20 

-3*38 

10*9 

583 

1-69 

6-45 

115 

-319 

10*8 

627 

2-32 

6*10 

MO 

-3-03 

10*2 

694 

3-41 

6-22 

102 

-2*84 

10 1 

910 

7-0 

8- 10 

0*75 

-2*48 

11*3 

1,010 

9-5 

8-50 

0-66 

-2*33 

11*5 

1,040 

108 x 10“* 

8-29 

0 65 

-2*26 

11*2 

1,380 

1-80 

116 

0-39 

-201 

140 

1,930 

6-40 

9-41 

0*17 

-1*37 

10*9 

2,535 

1-24 xlO" 1 

9-95 

- 005 

-104 

109 

3,790 

2-79 

10-9 

-0-36 

-0*63 

11 2 

5,020 

4-40 

11*6 

-0-61 

-0*41 

11*4 

7,490 

7-85 

120 

-1 00 

-012 

111 

11,370 

1-36 

13-4 

- 1 41 

0*15 

11 8 


In the first place we may note that the variation of the range by 
a factor of 5000 is almost completely accounted for by the velocity 
term (1 - /3 2 )i + (1 - - 2 (see col. hi) and the variation that 

remains is accounted for approximately by the remaining two terms. 

The success of this equation in accounting for the experimental 
results is striking, hnd suggests the possibility of determining C A1 , the 
characteristic constant of aluminium. It can be seen that a value 
of about 39 would be obtained which at first sight appears to be in 
fair agreement with the value 41 deduced from the stopping power 
experiments. Actually this apparent agreement is largely illusory. 
If C Al is put equal to 41, the figures in column vi will become 9*05, 
instead of about 11, and the corresponding range will be changed 
by 25 per cent. 

The reason for this discrepancy lies mainly in the definition of the 
experimental range, since as can be seen from the curves in Fig. 112 
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certain of the p particles do penetrate farther. The range of these 
latter j8 particles would correspond more nearly with the values 
calculated from the equation with C A, = 41, and the final lack of 
agreement could be put down to the fact that even these exceptional 
particles will not have pursued straight paths and it is the total path 
which is calculated. 

A method of calculating the range from experimental data has 
been used by Sargent*. From the measurements described in § 98 
it is known how the loss of momentum 8 (Hp) in passing through 
a thin foil depends on the momentum Hp of the p particle. By a 
direct numerical calculation it is possible to find the thickness which 
will reduce the momentum to zero. The ranges obtained in this way 
are, as would be expected, considerably greater than the experimental 
ranges. 

In § 97 it was shown that Schonland’s measurements with fairly 
slow electrons gave the same ranges (measured in gm./cm. a ) in 
different metals, whereas from equation (7) it can be ascertained 
there will be a slight variation mainly due to the term AjZ. The 
general success of the formulae deduced by Bohr suggests that they 
will also be accurate in this respect, and we must attribute the ex- 
perimental result to the fact that the measured range approximates 
to the true range in varying degrees for the different metals. In this 
connection it may be mentioned that W. H. Braggf showed that, on 
certain assumptions, the relative ionisation produced by y rays in 
closed vessels of the same shape but of different materials should be 
proportional to the total true range of the secondary p particles in 
the material. A dependence of the range on AjZ of the type to be 
expected was shown by these measurements. Gray and Sargentf have 
used an ionisation method which depends chiefly on measuring the 
amount of f$ radiation reflected from different materials and obtained 
a similar result. 

§ 101. The ionisation due to p particles. It is usual to discuss this 
phenomenon with relation to the quantity k , the ionisation produced 
per P particle per cm. of path at n.t.p. in the gas considered. This 
specific ionisation in different gases is roughly proportional to the 
number of electrons in the molecule, so that for example the ionisation 

* Sargent, Trans . Roy. Soc. Canada , 22, 179, 1928. 

t W. H. Bragg, Phil. Mag. 20, 385, 1910. 

% J. A Gray and Sargent, Trans. Roy. Soc. Canada , 21, 173, 1927. 



445 


IONISATION BY 0 PARTICLES 

per cm. path in hydrogen is only one-eighth that in oxygen, and one 
thirty-seventh that in carbon tetrachloride. The departures from this 
proportionality are of the order of 15 per cent. The relative ionisa- 
tion in two gases is according to C. G. Barkla and A. J. Philpot* 
independent of the velocity of the jS particle. 

The specific ionisation is zero for electrons of energies less than the 
critical potential of the gas, but once, this is passed it increases 
rapidly, reaching a maximum which was estimated by G. Anslowf 
to occur close to 1000 volts. From this point on it decreases rapidly, 
being 1140 pairs of ions per cm. at 4000 voltsj and dropping down 
to the order of 50 for very high-speed /3 rays. The order of magnitude 
and the type of variation to be expected in the specific ionisation in 
the j3 ray region was first ascertained by Geiger and Kovarik§, who, 
using the complex radiations from various ft ray bodies, obtained 
values ranging from 130 to 70 pairs of ions per cm. path in air. 

The ionisation produced by a jS particle in traversing a gas is partly 
due to the ejection by the j3 particle of electrons from the atoms of the 
gas and partly to secondary ionisation produced by the secondary 
electrons. The former is known as the primary ionisation. The majority 
of the secondary electrons are so slow that their range in air at n.t.p. is 
only a fraction of a millimetre. The ionisation due to these secondary 
electrons, amounting to rather more than the primary ionisation, is 
thus concentrated along the track of the j3 particle. Photographs of 
the track of a ft particle taken by the expansion method show that 
occasionally the ft particle makes a sufficiently direct collision with an 
atomic electron to be able to transfer a considerable fraction of its 
energy. The ejected electron will in this case produce far more than 
the average secondary ionisation, and may travel a considerable 
distance, several centimetres, from the path of the particle. This 
type of collision is so rare, however, that we may consider without 
sensible error the ionisatioji of a /S particle to be due to primary 
ionisation giving rise to electrons with energy of the order of 50 volts 
which in their turn produce a few ions. 

We will first consider W. Wilson’s || measurements on the total 
ionisation due to ft particles of different speeds. His apparatus is 

* Barkla and Philpot, Phil. Mag. 25, 832, 1913. 
t Anslow, Science, N.S. 60, 432, 1924. 
t Glasson, Phil. Mag. 22, 647, 1911. 

$ Geiger and Kovarik, Phil. Mag. 22, 604, 1911. 

|| W. Wilson, Proc. Roy. Soc. A, 85, 240, 1911. 
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shown in Fig. 121 . The source A was a thin glass bulb filled with radon 
and the p rays coming from the products radium B and radium C 
were sorted out into a velocity spectrum by means of a magnetic 
field at right angles to the plane of the diagram. It will be seen 
that the rays are only bent through 90° which does not give good 
resolution, but since the ionisation varies only slowly with Hp t 
this defect was not serious. Wilson only measured the relative 
ionisation and for that purpose he first determined the number of 
particles passing the slit D at any setting of the field by measuring 
the rate of communication of charge 
to the Faraday cylinder E t on the top 
of which was mounted a small gold- 
leaf system. When the number enter- 
ing the cylinder had been found for a 
sufficient variation of Up, an ionisa- 
tion chamber “a” of exactly similar 
shape was substituted for the Faraday 
cylinder and the ionisation found for 
each of the values of the magnetic 
field previously used. The ionisation 
chamber contained air at a low pres- 
sure so that only the ionisation cor- 
responding to a small drop in energy 
was determined. While the greater 
portion of the ft particle energy was 
communicated to the walls, a certain 
amount of reflection occurred and for 
this a correction had to be applied. 

This was determined by means of 
the apparatus shown at b which was Fl s* 121 * 

placed with the aperture covering the hoje D t after the chamber 0 
had been entirely removed. The ionisation chamber shown in 6 con- 
tained air at atmospheric pressure and was made of thin aluminium 
leaf fixed over a cage of fine wire. The ionisation in this was first 
measured and then a vessel similar to E> but without a base, was 
placed over it, and the increase in ionisation was taken to measure the 
correction for reflection. 

The results obtained by Wilson are shown in the next table. 
Wilson only obtained the ionisation in arbitrary units but his results 
have been reduced to absolute units, that is pairs of ions per cm. 
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path at atmospheric pressure, by comparison with S. Bloch's* measure- 
ment. In this latter experiment the heterogeneous rays furnished 
by the total radiation of uranium X were used as a source of ft rays 
but owing to the slow rate of variation of the ionisation with Hp this 
is not as serious a drawback as might at first be anticipated. It will 
still, however, be realised that we cannot expect these figures to 
give more than the approximate absolute values. 

Number of pairs of ions formed by ft rays of different velocity 
in traversing 1 cm. of air at n.t.p. 


Hp 

Number of pairs 
of ions (&) 

kp* 

850 

214 

43 

1150 

155 

47 

1390 

127 

49 

1050 

94 

45 

1890 

84 

46 

2160 

74 

45 

2440 

68 

46 

2750 

61 

44 

3300 

56 

44 

3900 

55 

46 

4800 

53 

47 

6430 

50 

45 

5910 

47 

43 

6350 

46 

43 


It will be seen that the specific ionisation k is closely proportional 
to the iinerse square of the velocity. Now in these experiments the 
length of the chamber E was 4 cm., its diameter 3*3 cm., and the 
pressure of air varying between 1 mm. and 50 mm. As we have seen 
in the preceding sections, the loss of momentum in passing through 
a small mass of material is to a first approximation proportional to 
the inverse cube of the velocity, so that the energy lost is 
approximately as fhe inverse square of the velocity. The constant 
values of the kft 2 shown in the third column of the table may there- 
fore be taken to show that for all velocities the ionisation accounts 
approximately for the same fraction of the total energy loss. In 
view of the uncertainty of the absolute values, the question must be 
left open whether all the energy loss can be accounted for by ionisation. 

C. T. R. Wilsonf showed that photographs of the tracks of ft par- 
ticles in an expansion chamber provided a convenient means of 

* Bloch, Ann. d . Phys . 38, 559, 1912. 
t C. T. R, Wilson, Proc . Roy . Soc. A, 104, 192, 1922. 
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investigating the primary ionisation* He found that tjhe track of a 
J8 particle could be resolved into a series of separate droplets. Each 
of these must be interpreted as showing a primary ionisation, since 
the secondary ionisation is produced by slow electrons in the imme- 
diate neighbourhood of the primary ion. For example, for j8 particles 
of speed 0*32c he found 96 droplets per cm., but only about 20 fqr 
the fast /? particles of radium C. 

This method has been used recently by E. J. Williams and Terroux* 
in a thorough investigation of the primary ionisation. They photo- 
graphed the tracks given by particles of radium E and arranged 
that a strong magnetic field could be applied parallel to the axis of 
the chamber at the moment of expansion. The speed of each particle 
could be estimated from the curvature of the track. Their results for 
the number of primary ions formed per cm. by particles of different 
speeds are shown in the next table. 



p-v/c 

Number of primary ions 
per orm. at N.T.r. in 

f — A tv 

Oxygen Hydrogen 

875 

0-454 



18-3 

1100 

0-538 

43-0 

12-0 

1500 

0-660 

34-0 

8-9 

1850 

0-738 

28-4 

7-6 

2690 

0-845 

27-0 

7-1 

3170 

0-880 

— 

0-4 

4100 

0*920 

25-2 

0-1 

5180 

0-950 

— 

5*1 

7000 

0-972 

22-2 

— 


The point of greatest general significance is that for large values 
of Hp the ionisation tends to become constant. 

The electrons in the gas traversed by the £ particles are situated 
in definite energy levels and have a definite ionisation potential. 
The primary ionisation thus depends on the frequency of the collisions 
in which the jS particle gives more energy to an atomic electron than 
its ionisation potential. If <f> ( Q ) dQ is defined as the frequency of 
the collisions in which a /3 particle loses energy between Q and 
Q + dQ, then the primary ionisation is given by 

/=f <f>(Q)dQ (1), 

JQ-J 

where / is the ionisation potential. 

E, J. Williams and Terroux, Proc. Boy, Boa A, 180, 289> 1986. 
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For- a p particle traversing an atmosphere of free electrons initially 
at rest the value of </) (Q\ according to the classical theory is 



where n is the number of electrons per unit volume, V the velocity 
of the P particle, and e and m the electronic charge and mass 
respectively. 

The primary ionisation is therefore, according to this formula, 


I 


2m&n 

mV 2 



r 

T 


T being the energy of the p particle. 

In all actual cases JjT is negligible, so that 


2ne A n 1 
mV 2 * J 


( 3 ), 




This formula for the primary ionisation was first given by j. J. 
Thomson. It depends on the assumption that in ionising collisions 
the electron behaves as if it were free. In ionising collisions the 
maximum time of collision, measured by pjV where p is the impact 
parameter, is only of the order of 1/100,000 of the natural period of 
the outer electrons. The considerations advanced by Bohr (see § 99) 
show that under these conditions the above assumption is valid. 

Thomas* and E. J. William sf have calculated the correction to 
be applied to (2) to take into account the velocity of the atomic 
electrons in their orbits. If e is the mean kinetic energy of the atomic 
electrons, then formula (4) becomes 


j — ^ 7T ^ n 

“ mV 2 



1 

J 


(5). 


It might also be 'anticipated for the high speed P particles con- 
sidered that relativity effects would be appreciable. However, calcu- 
lation shows that for ionising collisions the classical energy transfer 
and the value of </> ( Q ) remain unaltered. 

It will be noticed that the dependence of the ionisation / on the 
velocity V is given by these formulae as 

/ oc 1/F 2 . * 


* Thomas, fVoc. Carrib . Phil . Soc.. 23, 713, 1927. 

t T* Williams, Nature, 119, 489, 1927; Manchester Memoirs , 71, 25, 1926-7. 


RRS 


*9 



450 IONISATION BY /3 PARTICLES 

‘The results of Williams and Terroux however can be exprjssed 
within the limits of experimental error by 

/= 5-2j (V/c) 15±02 for hydrogen, 

I = 2ij (V /c) 1 1±0 2 for oxygen.- ■' 

The disagreement of theory with experiment is also shown by 
comparison of the absolute values with those measured. It is not 
possible to evaluate (5) with great exactness owing to uncertainty 
in the values of the ionisation potentials in the molecules, but there 
appears to be no doubt that for very fast particles, where V ~ c 
and the disagreement in the variation with velocity is of less account, 
thfe theory gives values two or three times too small. 

It may be repeated that the collisions to which this result refers 
are; those in which the energy loss is of the order of 50 volts. In 
connection with the straggling of particles where the important 
energy transfers are of the order of 1000 volts, it was found (§ 100) 
that again classical theory predicted a probability of energy transfer 
about half that found, although in this case the dependence on 
velocity appeared to be correct. Williams and Terroux have also 
investigated the probability of energy transfers of amount 5000 to 
10,000 volts by observing the frequency of branch tracks. Here also 
the actual probability of transfer of energy is greater than that 
calculated on the classical theory and the dependence on velocity is 
also in disagreement. Since we have seen that to within about 20 per 
eent. the total loss of energy is given correctly by the classical theory, 
it is clear that there must be a divergence from theory in the opposite 
direction for non-ionising collisions. It appears that the energy 
actually lost in non-ionising collisions is less than one-seventh of that 
calculated on classical theory. 



CHAPTER XV 

THE SCATTERING AND ABSORPTION OF y RAYS 

§ 102. The discovery of the penetrating radiations known as the 
y rays was made by observations of the ionisation in an electroscope, 
and an idea of the penetrating power was obtained by placing a screen 
of absorbing material between the source and the electroscope. In 
this way it was found that these radiations were far more penetrating 
than the rays, a centimetre of lead being required in some cases to 
reduce the ionising effect to one -half. It was observed that the y rays 
in passing through matter gave rise to swift rays, and the ionisatioh 
in the eleotroscope was ascribed to j8 rays liberated from the walls and 
the gas. 

The chief source of y radiation in the early experiments' was 
radium (B -f C), and a number of experiments were made to test the 
law of absorption by the simple method outlined above. While* it 
was found that with considerable thicknesses the absorption curve 
approximated closely to a simple exponential law, yet with sniall 
thi< knesse.s a greater absorbability was noticed, 'i his led naturally to 
the deduction that a large part of the radiation was homogeneous in 
character and that superimposed on this were softer radiations which 
were more rapidly absorbed. 

Systematic observations were made by Soddy and Russell of the . 
absorption of different metals which showed that for the lighter 
elements the absorption depended only on the mass per square 
centimetre of the absorber and did not vary with the atomic weight. 
For the heavier elements such as lead tha absorption was twice ’as 
great as would have been qxpected from the^results with the light 
elements. It is now known that the interpretation of this result 
de pends on the recognition of the existence of two distinct absorbing 
processes, one, the photoelectric, varying more rapidly with atomic 
number than the other, the scattering process. 

However, even at this early stage it was inferred that the y rays 
were a type of very penetrating X rays and it was anticipated that 
the absorption measured in ordinary ways should consist of two parts, 
scattering and tru$ absorption. The early experiments of Florance 
and J. A. Gray and the later work of Compton brought out the 
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surprising result that the quality of the scattered radiation varied 
markedly with the angle of scattering. In this respect the y rays 
appeared to show different properties from the X rays where the work 
of Barkla had shown that the scattered radiations were similar in 
quality to the primary beam. It seemed clear that there was some 
„ degradation of the radiation in the process of scattering, but it was 
difficult at that time to draw definite conclusions since there was no 
information, except from absorption results, about the homogeneity of 
the primary y rays. 

In subsequent measurements attempts were made to obtain an 
idea of the relative magnitude of the scattering coefficient and true 
absorption coefficients. Progress became much more rapid as definite 
information was obtained abopt the frequency of the y rays, since it 
was then possible to compare the absorption with that to be expected 
by extrapolation of the relations found for X rays. The later develop- 
ments of this subject have depended on methods which differentiate 
between absorption due to scattering and that due to the photo- 
electric effect, and in this field the Com pt oh laws of scattering have 
been applied with considerable success. While the essential processes 
involved in the absorption of y rays are thought to be understood, 
there is still considerable doubt as to the validity of the various 
formulae that have been proposed to account for their dependence 
on frequency. Since the y radiations of radioactive bodies are in 
general complex, consisting of radiations spread over a wdde range of 
frequencies, it has proved difficult to arrive at precise laws for the 
absorption of high frequency radiation. We shall see, however, that 
it k^s been shown that with increasing frequency there is a gradual 
change from the well-known laws applicable to ordinary X rays. 

In the early days of radioactivity a marked difference in the 
penetrating power of the y radiation of different bodies wafe noticed, 
and,a series of measurements were made by Rutherford and Richardson 
to find in a general way, by analysis of the absorption curves, the 
different types of radiation present. It was observed in this way that 
in addition to the typical y rays, there were always some softer 
radiations, some of which could be identified with the characteristic. 
X rays. Further information on this point ^as obtained by observing 
the quality and amount of the radiations excited in different materials 
when exposed to swift particles. In most cases not only were 
soft radiations observed, but also radiations of a more penetrating 
type. 



ABSORPTION COEFFICIENTS 


453 


We shall first, describe these experiments on the comparison of the 
y rays of different radioactive bodies, since quite simple experimental 
methods give a general idea of the quality of the radiation present. 
Later tfe shall deal with attempts that have been made to correlate 
the coefficients with the frequency of the radiation under observation. 
This is still In a transition stage but sufficient evidence has been 
obtained to draw deductions of value. • 

' § 102 a. The formal and usual method of describing the absorption 
of a beam of radiation is by means of one or more “absorption coeffi- 
cients.’ * Since we shall be continually referring to such coefficients, 
it is convenient to set out the definitions and terminology that will 
be employed. 

Consider a parallel beam of homogeneous radiation of frequency v,J 
and denote by E the flux of energy. In passing through a small 
thickness Ax cm. of matter the fraction of the energy that is removed 
per second per unit area of the beam will be 

AE/E = — fi . Ax (1). 

If f lie quality of the beam is not changed in its passage through 
matter, this equation may be integrated to give 

E = E 0 e~» x (2). 

The quantity /x is termed an absorption coefficient and has dimen- 
sions length ~ 1 . If on physical grounds there is reason to divide up 
the energy lost by the beam into several parts, A E lf A E 2 , . . . , each of 
which appears in a distinct form, e.g. photo -electrons, scattered 


radiation, etc., we may write 

AJ 5^ = — A xE, AE* = - fa A xE (3), 

so that E = (4), 

and • fM = /xj + m -f ... (5). 


The separate coefficients fi 1} p*, ... would now be referred to as the 
photo-electric absorption coefficient, the scattering coefficient, etc. 

If v is the frequency of the radiation, it can be seen by dividing 
equations (1), (2), (3), a!nd (4) by hv that the same absorption co 
efficients will describe thfe change in the flux of quanta of the beam 
If the beam is complex, consisting of radiations of several fre 
quencies, it is still possible to define mean absorption coefficients by 
tne relations (1) and (3) and equation (6) will still be valid. It will 
not however be oorreot to integrate expressions (1) or (3) to obtain 
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equations (2) or (4), since the constitution of the beam will alter in 
passing through a finite thickness owing to the more rapid weakening 
of the longer wave-length components. In this case the mean absorp- 
tion coefficient will be a function of the thickness of absorber tra- 
versed. It will also be clear that the same mean absorption coefficients 
will not express the diminution in the flux of energy and in the flux 
of quanta. 

We shall have occasion later to refer to a complication that occurs 
in practice even with a homogeneous beam of radiation. Owing to the 
change of wave-length that can accompany the process of scattering, 
an initially homogeneous beam does not remain homogeneous. Even 
with a striotly parallel beam two scattering processes can lead to the 
admixture of longer wave-length radiation. However, from a formal 
standpoint this latter radiation is distinct from the primary radiation, 
although it may not be possible to maintain the distinction experi- 
mentally, and the definitions and properties of the absorption co- 
efficients can be maintained. 

If instead of using the thickness x of material traversed we use the 
superficial mass m, measured in gm./cm. 2 , it will be seen that equation 
(1) becomes - * a 

- A E = -p.~ .E (6), 


where p is the density of the material. 

The quantity p/p is termed the mass absorption coefficient. Its use 
is to be preferred to that of p since the same mass absorption co- 
efficient will describe the absorption in the gaseous, liquid and solid 
states of a substance, the absorption of y rays being an atomic phe- 
nomenon. In the same way if P A and P e be respectively the number 
of atoms and electrons in a portion of the absorber 1 cm. 8 cross- 
section, and m gm./cm. 2 thick, we can define absorption coefficients 
per atom A p* and per electron e p* by the relations 

- AE « - A p . P A . E, AE'= - ,p.P,.E (7). 

It follows by comparing (6) and (7) that 


*7 p A 

where Z , A , and N are respectively the atomic number, atomic weight 
and Avogadro’s number. 

* The subscripts A and e are written in front of the symbol to leave room for 
a subscript after the symbol to distinguish between scattering absorption and pute 
scattering (see $ 104). 
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§ 103. The investigation of the y rays of different radio-active 
bodies by the absorption method. The absorption method has 
proved a simple and rapid way of obtaining a general idea of the 
character of the y ray emission of a radioactive body. It can seldom 
give very definite information and it is unnecessary to push the refine- 
ment of the experiment to any great lengths. In most cases all that 
has been done is to place the source close,to a simple electroscope and 
to observe the change in the ionisation current when different thick- 
nesses of lead or aluminium are interposed. It is generally found that 
after the absorber has reached a certain thickness the curve becomes 
closely exponential. This part of the curve is extrapolated back to 
zero thickness according to the same law and is subtracted from the 
original readings. The new absorption curve of the softer fraction of 
the radiation is then treated in the same way. In this way it is 
possible to analyse the experimental curve into a series of exponentials 
whose individual coefficients then serve to describe the original 
complex radiation. Too much weight must not be laid on the exact 
numerical values of the coefficients obtained from measurements with 
such simple apparatus, since it is found that the absorption curve 
depends slightly on the size and disposition of the apparatus. The 
method of analysis is clearly not unique, nor is it possible from the 
physical standpoint to give an accurate description in terms of three 
or four absorption coefficients of a radiation containing many com- 
ponents of which the frequencies are spread over an octave or more. 
The method, however, serves to classify the radiation into hard, 
medium, or soft y rays and X rays and to give a rough idea of their 
relative amounts. 

An inspection of the next table will show the results that have 
been obtained. 

The column headed X rays shows which characteristic X rays have 
been detected. The values of the absorption coefficients obtained for 
these radiations have not been found to show a close agreement with 
X ray data, but this is hardly to be expected from the method of 
analysis and from the different experimental arrangements that have 
been used. In addition there are frequently nuclear y rays of about the 
same penetrating power which will affect the values. The two columns 
headed (p/p) A1 and (p/p) Pb show the mass absorption coefficients 
of those components which may be reasonably attributed to y rays 

nuclear origin. It is hardly to be anticipated that the aluminium 
a$d lqad absorption curves will be analysed into corresponding com- 
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wi 

ponents, since while the absorption in lead is partly photo-electric 


and partly scattering, that in aluminium is almost entirely scati 


irt^nng. 


Analysis py the absorption method of the y ray emission 


of different radioactive bodies 



The L radiation from radioactive bodies has (pip) A1 of order 14*0, 
and K radiation (p/p) Ai of order 0-17. 


(a) Hahn and Meitner, Zeit . f. Pkysik , 7, 157, 1923. Roddy and Russell, Phil. 
Mag. 18, 620, 1909. Richardson, Phil Mag . 27, 22, 1914. 

( b ) Chadwick and Russell, Proc. Roy. Soc. A, 88, 217, 1913. 

(The amount is very small, see § 111.) 

(e) Russell and Chadwick, Phil. Mag. 27, 112, 1914: 

(The intensity of the radiation from radium is only about 1 per cent, of th4t of 
the y radiation of radium in equilibrium with its short-lived products.) 

(d) Rutherford and Richardson, Phil. Mag. 25, 723, 1913. Richardson, Proc. Roy. 
Soc. A, 81, 396, 1915. Kohlrausch, Wien. Ber. 126, 2 «, 683, 4913; Jahrb. d. Rad. 15, 
64, 1918. Enderle, Wien. Ber. 131, 2a, 589, 1922. .Moseley and Makower, Phil. Mag. 
28, 302, 1912. Fajans and Makower, Phil. Mag. 23, 292, 1912. 

” (e) Rutherford and Richardson, Phil. Mag. 26, 324, 1913. Curie and Fournier, 
C.R. 176, 1301, 1923. 0. H. Aston, Proc. Camh. Phil. Soc. 23, 935, 1927. 

(Radium E emits a very weak y radiation giving less than 2 per cent, the ionising 
effect of the y rays from radium D. Part may have been excited in the support.) 

(/) Rutherford and Richardson, Phil. Mag. 26, 937, 1913. 

(g) S«ldyand Russell, Phil. Mag. 21, 130, 1911. 

(h) Hahn and Meitner, Phys. Zeil. 14, 873, 1913. 

(y rays are possibly present in very small amount.) 

(i) Slater, Phil. Mag. 42, 904, 1921. 

(No measurable amount of radiation.) 

(j) Recent experiments have suggested that this may not be y radiation but 
H particles liberated from the source by « ray impact. 
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The *use and applicability of this method of investigation can be 
judged from this table and from the notes appended to the inferences. 
The three bodies which emit the most penetrating radiations are 
mesothorium 2, radium C and thorium C", while that from actinium 
C* is considerably softer. We shall see in § 108 that the penetrating 
radiations of radium C and thorium C” have been of grfeait use in 
studying the absorption and scattering of high frequency radiation. 

Particular interest is attached to the identification of the charac- 
teristic X rays, since this was the first suggestion of an interaction of 
the main y rays on the electronic system of the disintegrating atom. 


r 



These X rays are very easily absorbed in comparison with the 
y rays, and are not greatly different in penetrating power from the 
P rays. To detect their presence a slightly more elaborate arrangement 
is necessary than that already indicated. 

The experimental method of Ru f herford and Richardson to whom 
many of the above results are due will illustrate this. A typical 
apparatus used by them is show in Fig. 122. The source is placed 
between the poles of an ejectromagnet to enable the ft rays to be 
deflected and is about 10 cm. from the electroscope. This was of 
aluminium (10 x 10 x 10 cm.) with one face E made of a thin sheet of 
mica equivalent in a ray stopping power to about 2 cm. of air. It 
was thus possible to take the first reading with an absorption 
equivalent to only a few centimetres of air. A typical absorption 
curve in aluminium with the electroscope filled with air is shown 
by A y Fig. 123. In this curve the logarithm of the ionisation is 
plotted against the thickness of the absorber. Tliis curve was obtained 
from a tube filled with radon and is due to the y rays of radium B 
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andTadijim C. While the effect of the penetrating y rays of radium C 
id l*rge compared with that diife to the softer types of radiation, the 
presence of these latter can bte seen from the initial rapid drop of 
about 10 per cent. If the electroscope is filled with a mixture of 
methyl iodide and hydro’gen* the curv^J5 is obtained showing how the 
initial drdp is increased, due to the relatively greater absorption of 
the soft components df the radiation m the methyl iodide. Under 
these ^conditions it is possible to investigate this radiation in some 
detail and to separate it into several components. 



An interesting application of the different absorbabilities of the 
y radiations from radium and thorium preparations ha$ been made 
by Bothe* to decide in what proportions a preparation contains 
feadium, mesothorium or radiothorium. This is a problem that occurs 
in practice, since on the one hand the raw material from which 
mesothorium is obtained always contains a certain amount of its 
isotope radium, while on the other hand radium is notr in all cases 
isolated from minerals free from thorium. The principle of the method 
is to compare through different thicknesses the absorption ifi lead of 
the y rays of the preparation with those of a standard radium source 

* Bothe, Zett. J. Phys. 24 , 10, 1924. 
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which is known to be pure. The mass absorption coefficient^ in lead 
of the hard radiations from the three*!) odies are approximately 

Ra (RaC) MsTh (MsT^) RdTh (ThCT) 

0047 X)*062 ' 0*041 cm." 1 

so that, if after 5 to 10 cm. of lead have been interposed, the apparent 
radium equivalent of the preparation is found to fall, the presence 
of mesothorium can be inferred with certainty. If, on the other hand, 
the radium equivalent is found to rise, it is’clear that*the mesothorium 
in the preparation is sufficiently old to have grown radiothorhim. 
Bothe describes a special experimental arrangement which is Suitable 
for these large thicknesses of lead and gives curves from which the 
relative proportions of the three bodies may be calculated from the 
observed variation in the radium equivalent. Yovahovitch* ? has 
worked out a calorimetric method for determining the proportion of 
mesothorium in radium preparations, based on the, measurement of 
the growth of heat due to the formation of radiothorium. 

§ 104. The laws of absorption and scattering, &i high-frequency 
radiation. The early experiments on the absorption of the y rays of 
radium O showed that after passing through about two centimetres 
of lead the radiation was absorbed exponentially. Thi£ pojnt was in- 
vestigated specially by Soddy and Russell f and in great detail by 
Russell who found the absorption exponential up to thicknesses 
of over 20 cm. of lead or mercury. This was thought to indicate an 
extreme homogeneity of the radiations, a conclusion that liter proved 
difficult to reconcile with the complexity of the spectral distribution 
foimd by investigation of the jS ray spectrum. 

In 1904 the important observa Lion* was made by Eve§ that secondary 
y rays were emitted by any body or radiator through which the 
y rays of radium C passed, the secondary rays appearing to be less 
penetrating than tlie primary. Investigations on the nature of these 
secondary rays were subsequently carried out by Kleeman ||, Madsen ^ 
and Florance**, the latter giving the most definite information. 
Florance obtained the important result that while the secondary rays 

* Yovanovitch, J. de Physique el le Radium , 9^ 297, 1928. 

t Soddy and Russell, Phil. Mag. 18, 620, 1909. 

X Russell, Proc. Roy. Soc. A, 88, 75, 1913. 

§ Eve, Phil. Mag. 8, 669, 1904. 

|| Kleeman, Phil. Mag. 15, 638, 1908. 

^ Madsen, Phil. Mag. 17, 423, 1909. 

** Florance, Phil. Mag. 20, 921, 1910. 
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appeared to be independent of the nature of the radiator, they showed 
a progressively greater absorbability as the angle between their 
direction and that of the primary beam increased. Florance considered 
these secondary rays to be scattered primary rays, and as these latter 
were heterogeneous he explained his results by assuming that the 
softer rays were scattered to a relatively greater extent through large 
angles. However, J. A. Gray* showed experimentally that as the 
intensity of the primary rays was diminished by lead screens the 
softer scattered rays were not cut down as quickly as would be 
expected. For example with scattering at 110° from carbon he found 
the scattered rays were reduced to about 12 per cent, of their initial 
value by a gheet of lead 3 mm. thick placed between the scatterer 
•and the. electroscope. However, if the lead were placed between the 
source and the scatterer it required over 3 cm. of lead to do this. 
Gray concluded that when homogeneous y rays are scattered, there 
is a change of quality, i.e. wave-length, and this change of quality 
is greater the greater the angle of scattering. 

It is clear that ye have here an example of the Compton effect 
which much later has been carefully studied in the case of X rays. 
This phenomenon may be most shortly described if we employ the 
language of the light quantum hypothesis. A quantum hv Q in passing 
through matter may “collide” with an electron, and if we consider 
the quantum to have momentum hv 0 /c it is clear that energy will be 
imparted to the electron. This energy comes from the radiation with 
the result *that the scattered quantum is of lower frequency hv. The 
equations expressing the conservation of energy and momentum (see 
Fig. 124) are 

Av ° = mc *(vTrp~ l ) + hv '’ 

A mcp . hv' . A 

0 = -p=k.-~ sin A sin 8. « 

c 


hv 0 mcB . , hv' a 

c c 

These equations suffice to determine the drop in frequency v 0 — v\ 
the velocity cjS and* angle <f> of recoil of the electron for each angle of 
scattering of the radiation. The diagrams in Fig. 124 illustrate the 
relations between the energies of the scattered quantum and the 
recoil electrons (shown by the lengths of the radius vector) for 


* J. A. Gray, Phil. Mag. 26, 611, 1913. 
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various angles of scattering and for two different frequencies. 
A convenient formula is obtained by considering the increase in 
wave-length for different angles of scattering : 

A' _ Jl = h =, 24-2 (1 - cos 9) X U. 

^ me 



We should also anticipate that there would be scattering without 
change of wave-length sueh as was envisaged by the classical theory. 
This would occur in collisions of the quantum with tightly bot^id 
electrons when the impact of the quantum was insufficient to supply 
the ionisation energy. This has been investigated with X rays, when, # 
under sizable conditions, it is found that the scattered radiation is 
partly of the primary frequency and partly of a lower one as gif$n 
by thh above equations. The unmodified scattering will become 
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progressively less important as the frequency increases and it prob- 
ably plays only a small part in the scattering of y rays except at very 
small angles. An experiment of Compton’s* gives some evidence on 
this point. He used the method, initiated by J. A. Gray, of comparing 
the diminution of the scattered radiation produced by an absorber 
when it is placed eithei between the source and the scatterer or 
between the scatterer and £he ionisation chamber* From his results 
Compton concluded that extremely little of the radiation of radium 
(B -f- C) when filtered through several centimetres of lead was un- 
changed in wave-length on being scattered. The scattering in these 
experiments was at 90° but it is probable that at smaller angles there 
is a greater proportion of unmodified scattering. We have seen in 
§ 86 that Frilley was able to photograph the line 7*73 x 10 5 volts by 
reflection from a crystal by presumably unmodified scattering w here 
the scattering was through less than one degree. 

The phenomenon of the change of wave-length on scattering is 
particularly relevant with y rays since, owing to the short wave- 
length of the primary y rays, scattering through quite a small angle 
produces a marked change in the frequency. That it occurs is beyond 
doubt and is perhaps best, though indirectly, shown by Skobelzyn’s 
experiments. These will be referred to later (p. 504), but it may be 
noted here that he passed the y rays of radium C through an 
expansion chamber and obtained tracks, of high-speed electrons. 
From other evidence we know that the photo-electric absorption 
(i.e. the complete conversion of the quantum) in air is negligible, 
compared with the scattering, so we are forced to associate these 
high-speed electrons with the latter process. On present-day view's 
tins implies a lower frequency of the scattered radiation in order that 
h (v 0 — v) shall provide the energy of the recoil electrons. 

Hoffmatonf has attempted to determine the change of wave-length 
directly by observing the absorbability of the / rays from radium 
(B -f C) filtered through 1cm. of lead after scattering from carbon 
at^rarious angles. The absorption coefficient /x in lead increased from 
1*02 for scattering at 15° to 11*8 for scattering at 150°. A detailed 
comparison with theory is rendered difficult by our lack of exact 
knowledge of the absorption laws, and by the fact that the hetero- 
geneity qf the radiation introduces complications about the relative 
scattering of different wave-lengths at a given angle. Howbver, we 

* Comjkon, Phil. Mag At, 749, I»2J.* 

f»jS<|ffinann, Zeit.f. Phys. 88, 251, 1920. 
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can see that qualitatively the change of wave-length is demonstrated 
by the experiments. 

Many attempts have been made to deduce a theoretical formula for 
the intensity of scattering. Of these the most frequently used are those 
of Compton*, of Diracf and of Klein and NishinaJ. They all agree 
in postulating that all the electrons in the atom scatter equally #nd 
independently, sq that it is sufficient forgive a scattering coefficient 
per electron. The atomic scattering coefficient will then be Z times 
this where Z is the atomic number. In describing this process we have 
not only to distinguish between the mass absorption coefficients p/p, 
ajpy etc., and the corresponding coefficients calculated per electron 
or per atom, but also between the two parts of the total scattering 
coefficient which describe respectively the deflection of radiation and 
the conversion of energy into the electronic form by the Compton 
process. These latter we shall write as cr, and a a so that & = cr 3 4- cr a , 
and we shall use a subscript before the symbol such as e a , or A p 
to denote that the corresponding coefficient has been calculated per 
electron or per atom. Th* Compton formula for the energy removed 
pe* electron by the scattering process from the primary beam is 


7re 4 8 1_ 

,a ~ w a c‘ 3 1 + 2a’ 


where a = 


me 2 ' 


This was obtained before the advent of the new mechanics And may 
be compared with the Dirac formula based on this theory : 


* 7764 o (*_+ 5 f 2 (* + a ) 

,<J ~ m*c* ( «* L 1 + 2 a 


■ a log. (1 + 2a) | . 


Recently Klein and Nishina have modified this formula by com 
sidering Dirac’s relativistic interpretation of the quantum mechanics. 
They obtain 


77-e 4 0 (1 -f a [2(1 + a) 
' e<T m 2 c 4 j a 2 t 1 + 2a 


^ log, (1 + 2a) j 

H-ilog.d + 2.)- 


1 + 3a ) 
(1 + 2a)*j ’ 


Each of these formulae converges for small values of a (long wave- 

7T6 4 8 r 

lengths) to the classical value e a 0 -= ~ 2 + - 1 »but the Klein-Nishina 

in c\o 

formula differs considerably from each of the other two in the y ray 
region. 

* Compton, Phys. Rev. 21, 483, 1923. 
f Dirac, Proc. Roy. Soc . A/ 111, 405/19&7. 

X Klein and Mishina, Zeit. /. Phys. $2, §53, 1928. 
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Since the Klein-Nishina formula is to* be preferred on theoretical 
grounds to the two others, and as we shall see later agrees on the 
whole well with experiment, we shall simplify the disoussion by 
retaining it alone. 

The amount of energy I scattered per unit solid angle per electron 
in a direction 6 is given in terms of the incident energy I 0 by Klein- 
Nishina as 

t_j e 4 1 + COS 2 0 ( 7T a (1 — cos#) 2 ) 

~ 0 2m 3 c*{l + a (1 - cos 0 j} a ( + (1 + cos 2 0) (1 -I- a [1 - cos <?]))' ' 
Whence by integration it is possible to obtain the value of the true 
scattering coefficient per electron, that is the coefficient describing 
hew much of the energy of the incident beam is deflected as radiation : 


2(1 -fa) (2a 2 - 


1) 8a 2 

^ 3(1 + 2 


^ f|l , 2(1 + a) (2a 2 - 2a — 1) 8a a 

ia> m% 4 [a s 9g "^ + “)+ a 3 (l + 2a) 3 + 3(1 + 2a) 3 ’ 

The scattering absorption coefficient A v a , describing how much of the 
energy of the incident beam is converted into electronic energy, is 
obtained by difference, since e a = + 6 <j a . 

Fig. 125 shows the variation of these quantities with wave-length 
according to the Compton and Klein-Nishina formulae. The Dirac 
formula does not give results greatly different from that of Compton. 

In addition to this method of conversion Of the y ray energy there 
is also the photo-electric conversion in which the whole energy of 
the quantum is given to the atom. The energy relations during this 
process have been considered in detail in chapter xh. The amount of 
the absorption is described by a coefficient which from a physical 
standpoint should be given as the absorption per atom a t. The photo- 
electric absorption increases rapidly with the strength of binding of 
the absorbing electron and is not the same for the different electrons 
in the atom. The K eleiptrons are the most efficient* absorbing four to 
five times as much as the L electrons. In the X ray region the formula 
A r = CZ*M for the atomic absorption photp-olectric coefficient is found 
to fit the observations with reasonable accuracy, where n is about 3 for 
medium X says, but there is evidence that the change of r with wave- 
length becomes less rapid for the short wave-length y rays. No satisfac- 
tory formula for A r had yet been proposed on theoretical grounds. 

W® soe therefore that the total atomic absorption coefficient A fi 

where, to recapitulate, the first two terms on the right-hand side 
represent conversion of radiation energy into corpuscular form by the 
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photo-electric effect and the Compton effect respectively, and the 
last term represents the deflection of the radiation, this deflected 
radiation consisting almost entirely of modified radiation of pro- 
gressively lower frequency as the angle of deflection increases. 

As explained in § 102 a, the atomic coefficients may be deduced 
from the experimentally measured coefficients by the relation 
u A 

= - ^ , A being the atomic weight, N Avogadro’s number, and p 
the density of the material. 



The general. method whioh has been followed in attempting to find 

out experimentally how these absorption coefficients depend on the 
wave-length has been to compare the absorption coefficients of a given 
radiation in two elements of widely different atomic numbers, such 
as aluminium and lead. The photo-electric absorption in aluminium 
is negligibly small, so that if we have determined the two atomic 
absorption coefficients A p A1 and A p rb we may write 

Ap Al == {t°a a 0 *) ^Al» 

ApVb ~ A r Pb + (e°a 4 * £ pb . 


RRS 
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MEASUREMENT OF ^BSORPtflON 

The measurement with aluminium gives directly the scattering 
absorption per electron, while the atomic photo-electric absorption 
coefficient i^ given by 

[^Pb - (1^)] . 

Further important subjects of investigation are the amount and 
distribution of the scattered radiation and of the recoil electrons. 

§ 105. The experimental methods for measuring the absorption 
and scattering of y j*ays. In view of the great number of experi- 
ments that have been made on the absorption of y rays, it is impossible 
to describe in detail all the different experimental arrangements. 
Yet the possibility of interpreting the measurements depends to a 
great degree on the appreciation of certain disturbing factors which 
are difficult to avoid. We shall describe these and illustrate the 
application of these points of view by treating a few typical arrange- 
ments for the measurements of absorption and scattering. 

Since the great majority of the experiments have been carried out 
on the absorption of the y rays of radium C, where the radiation even 
after filtering through considerable thicknesses of lead is still complex, 
we have first to consider the exact meaning of an observed absorption 
coefficient. Jf E l9 E 2 , E z , ... are the energies and fi lf /^, ^ ... the ab- 
sorption coefficients of the different components of the complex beam, 
then the absorption coefficient of the complex beam will be 

2/x r F r 

M = L n • 

YE r 

1 

It is not however passible to measure this absorption coefficient, 
since the ionisation produced in the measuring chamber for a given 
amount of incident energy depends on the wave-fength. If we write 

K v K 2 , K z , ... for what are called the ionisation functions of the different 
beams, expressing the relative ionisation produced in a specified 
ionisation chamber by equal amounts of energy, then the absorption 

coefficient that will be actually measured will be related to the true 
absorption^oefficients by the relation 
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The ionisation function depends dot only on theVave-length, but 
on the material of the electroscope and the nature of the gas. We have 
already seen how Rutherford and Richardson were able* to increase 
the relative effect of the $oft y rays in the complex beam from radium 
(B 4- C) by changing the gas in the electroscope from air to methyl 
iodide, while Chalmers* found that the y rays of radium B gave about 
13 per cent, of the total ionisation from a radium (B -f C) source 
measured in an aluminium electroscope but 26 per cent, in a lead 
electroscope. The existence of the ionisation functions is thus clear, 
but it is a matter of some difficulty to form a quantitative estimate 
of their magnitude. L. H. Grayf has shown that the ionisation 
produced by y rays in a small air cavity in a mass of metal is pro- 
portional to the energy lost by the y rays in the same volume of 
metal. Thus in a small ionisation chamber having a volume of 1 to 
2 c.c. K should be proportional to (t + a a ) for the wave-length 
considered. The conditions in a large ionisation vessel are of course 
somewhat different as one-third to one-half of the ionisation may be 
due to particles generated in the gas. In the absence of more 
definite information it seems reasonable to write for an aluminium 
electroscope K oc e o a and for a lead electroscope K oc e a a + h e r a , thus 
allowing for a photo-electric effect from the walls but not from the 
gas. 

When it is desired to compare the energy content of two beams of 
different hardness (as in scattering experiments), J. A. Gray! has 
attempted to find an effective value of K for each beam experi- 
mentally. He used a wooden electroscope covered internally with 
a layer of graphite a few mm. thick and measured the absorption 
coefficient of the beam in graphite , placing the absorber in contact 
with the electroscope. The absorption coefficient found in this way 
was taken as the effective K of the beam. This absorption coefficient 
will be slightly greater than the effective cr a of the beam. 

The next problem that must be considered in interpreting the 
results of any absorption experiment is the extent to which scattered 
radiation may reach the ionisation chamber. Suppose a source S is 

placed at a certain distance from an ionisation vessel I, and measure- 
ments are made of the weakening of the beam caused by an absorber 
A y first when placed close to S> and then When placed close to 7. 

* Chalmera, Phil. Mag, 6, 475, 1923, „ 

t L. H. Gray, Proc. Roy. Soc, . A, 122, 647, 1929. 

j J. A. Gray, Trans . Roy. Soc. Canada, fcl m, 163, 1927, 
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In the first case the greater part of the radiation scattered in A will 
miss the ionisation chamber 7, and the decrease in ionisation will be 
a measure of r -f o- a 4- or a ; in the second case most of the radiation 
scattered forward will still enter 7, and the qoefficient which is deter- 
mined will more nearly approach t -f a a . If tins were all that occurred 
it would be possible to evaluate in 'each case the exact fraction of 
the scattered radiation entering the chamber and so finally to deduce 
separate values for r -f cr 0 and for a 9 . Owing however to the change 
of wave-length on scattering, any admixture of scattered radiation 
introduces great complications. The constitution of the beam is not 
representative of the y ray emission from the radioactive body but 
is influenced by the geometrical arrangement. Oba* found that under 
suitable conditions the absorption coefficient in aluminium of the 
y rays of radium C increased with the thickness of the absorber. 
An experiment of Bastings! shows this directly. A source of radio- 
thoritim was placed 8*5 cm. from a simple electroscope, and the 
absorption coefficient of the rays determined in a lead absorber of 
thickness 1*625 cm. placed in contact with ‘the ionisation chamber. 
Various filters of lead were placed directly in front of the source, and 
the following absorption coefficients were found : 


Filter thickness 

Absorption coefficient 

2-4 cm. 

0-417 cm. -1 

5-8 cm. 

0-419 cm. -1 

9-2 cm. 

0-425 cm. - " 1 


Under these conditions of filtering most of the ionisation is due to 
one high-frequency y ray of thorium C* of wave-length 4*7 XU. Any 
longer w'ave-length components if present would be relatively more 
reduced in intensity by the thicker filters, and a slight decrease of 

the absorption coefficient with the thicker filters would be antici- 

pated. The increase that was observed can only be interpreted as 

showing the progressive building up of longer wave-length radiation 

in the beam by Compton scattering in the filter of the one high- 
frequenqy y ray. 

It wijl be dear from what has been said that it is not easy to obtain 
an absorption coefficient which can be referred definitely to certain 
monochromatic y rays, and that great care must be taken about two 

points, the construction of the ionisation chamber to give determinable 

t Bastings, PhU . Mag . 5 , 785, 1928. 


• Oba, Phil. Mag. 27, 601, 1914. 
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ionisation functions, and the arrangement of the filters, absorbers, 
stops, etc., so as to avoid contamination of the beam by degraded 
radiation. 

§ 106. Methods of investigating the absorption. The arrangement 
used by Kohlrausch* is admirable in both the respects referred to at 
the end of the previous section, but involves the use of large sources. It 
is shown in Fig. 126. The source was placed in the centre of an iron 
sphere K of 15 cm. radius filled with mercury and the radiation 
canalised by a 12 cm. long tube of lead as indicated. MM represents 
an electro-magnet to deviate any £ radiation liberated from the further 
defining slits Pb, Pb. The filter and absorber A were in most cases suf- 
ficiently far from the ionisation chamber, and the beam was so well 



Fig. 126. 

canalised that very little scattered radiation could have been measured. 
Under these conditions the observed absorption coefficient will refer 
to the primary radiation and will be a measure of the photo-electric 
absorption plus the total scattering absorption cr a + a s . The ionisation 
chamber J was cylindrical and made of thin aluminium, the central 
electrode E being a plate placed at grazing angle to the beam. With 
this arrangement it is possible to make an approximate estimation 

of the ionisation function. 

The apparatus \ased by Ahmadf was designed primarily to give a 
high accuracy with small* sources. While Kohlrausch was able to 

measure absorption coefficients with an accuracy of about 5 per cent. 

using a source of about 100 millicuries, Ahmad claimed half per cent, 
with sources of about 5 millicuries. This accuracy and sensitivity was 
obtained partly by an ingenious balance arrangement, but partly 
by placing the source closer to the ionisation chamber, and using a 
wider beam, with consequent loss of definiteness in the experiment. 

* Kohlrausch, Wien. Ber. 126, 441, 683, 887, 1917. 
t Ahmad, Proc. Roy. Soc . A, 105, 507, 1924. 



470 EXPERIMENTAL METHODS 

Fig. 127 illustrates the disposition of the apparatus which consisted of 
two identical sets of ionisation chambers, defining stops and sources, 
only one of which is shown in the diagram. The potentials on the ionisa- 
tion chambers were of opposite sign, and the electrometer used as a null 
instrument to detect the equality of the ionisation in the two chambers. 
The radiation was filtered through 1 cm. of lead placed at P and the 
process of measuring the absorption coefficient of a given material 
was as follows. The currents in the two ionisation chambers with no 
absorbers present were first adjusted to exact equality by altering 
one of the slits D y the absorber to be investigated was introduced 




The Slit6 



Fig. 127. 

at A, and aluminium of such a thickness that the currents were again 
equal was placed at the corresponding position in the other beam. The 

material was then removed and aluminium inserted in its place of 

thickness again to balance the .electrometer. Under these conditions 
it will be seen that the relative absorption coefficients of the material 
and of aluminium could be obtained to a very high accuracy. The 
absolute absorption of aluminium in the position A was carefully 
determined by the usual methods. In this experiment part of the 
scattered radiation reached the ionisation chamber, and to estimate 
the amount two positions A and B for the absorbers were used, at 
which the ionisation chamber subtended half angles of 20° and 80° 
respectively. The scattering correction was calculated from the 
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difference in the absorption coefficients in the two positions. It is 
precisely this calculation which is difficult to carry out accurately. 
The scattered rays pass through the ionisation chamber obliquely, 
but on the other hand have had their wave-length and hence their 
ionisation functions altered by the scattering process. The ionisation 
chambers contained systems of iron plates arranged as indicated in 
the figure, with the result that the ionisation function varied with 
the obliquity of the ray. This type of ionisation chamber is not to be 
recommended, since in view of the considerable. absorption in the 
iron plates it is very difficult to form an estimate of the ionisation 
functions. This objection is the more important in this particular 
experiment since the y rays, being those of radium (B -f C) and only 
filtered through 1 ctn. of lead, consisted of components of widely 
different wave-lengtlj. 

J. A. Gray* has used a simple method of reducing the harmful 
effects of a filter in producing degraded radiation while keeping the 
source close to the ionisation chamber. It consists simply in sub- 
dividing the filter into a*n umber of small plates, separated from each 
other by as large a distance as is allowed by the dimensions of the 
apparatus. In this case a large part of the radiation scattered from 
one filter will hit the walls of the defining canal and can only enter 

the beam by two further scattering processes. With this arrangement 
Gray and Cave observed the mass absorption coefficient in lead (pip) 
of the y rnys of radium (B -f C) to decrease from 0-0491 to 0-0472 when 
the filter thickness was increased from 3-28 cm. of lead to 5-44 cm. 
This decrease is about what would be expected from the intensity 
distribution in the spectrum, and if compared with Bussell’s results 
of the constancy of p over a range of filter thicknesses of 6 to 22 cm. 

of mercury, brings out forcibly the advantages of this method of 
filtering. 

Tarrantt has ushd an arrangement in which the absorber is placed 

midway between the source and the ionisation chamber, but the filter 
is placed in contact with the ionisation chamber. Since most of the 
radiation scattered by the filter still enters the ionisation chamber, 
it wifi be clear that the filtering is mainly due to the photo-electric 
effect. Tarrant has applied this method to an investigation of the 
absorption of the y rays of thorium C" where it is particularly suitable 
owing to the energy being concentrated mainly in two regions of 

* J. A. Gray and Cave, Trans. Roy. Soc . Canada , 21, 163, 1927. 

t Tarrant, Proc. Roy. Soc. A, 128, 346, 1930. 
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long and short wave-length. A further advantage of this arrangement 
is that to a first approximation the measurements are independent 
of the degraded radiation produced in the filter. 

§ 107. Methods of investigating the scattering. The simplest 
method of investigating the scattering has already been referred to, 
that of comparing the absorption of a plate of material when it is 
placed at some distance from, and then close to the ionisation chamber. 

The integrated scattering through a certain range of angles is obtained 
by difference, but the method is inevitably inaccurate for the reasons 
already mentioned. 



The direct measurement of the total scattered radiation by an 
ionisation vessel completely surrounding^the scafterer is greatly to 

be preferred, but it meets with serious experimental difficulties, 

Of these the greatest is in choosing the dimensions of the scatterer. 
If this is too small, the effect to be measured will be smaU in com- 
parison with the inevitable effect of the primary rays, however 

the ionisation chamber is shielded by lead screens. If it is too large 
there will be a considerable correction for absorption of the scattered 
radiation in the scatterer. This latter error is especially marked for 
scattering through large angles and in fact is so serious that no reliable 
absolute measurement of a B has yet been made in this way. The 
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relative values of the integrated scattering between 0° and 90° for 
different elements might' however be determined. 

More detailed information is obtained by measuring the radiation 
scattered at different angles. The apparatus used by Kohlrausch* is 
shown in Fig. 128, and it will be noticed that the penetrating power 
of the radiation scattered at each angle could be measured under 

comparable conditions by having an absorber rotatable around an 
inner circle. 

An original and powerful method of investigation has been de- 
veloped by Skobelzynf. losing an expansion apparatus lie deter- 
mined the distribution with angle of the recoil electrons liberated 
by the scattering process by the y rays of radium B and radium C. 

This is equivalent to measuring the angular distributions of the 
scattered radiations, since each recoil electron ejected at angle 8 
corresponds to a quantum of radiation scattered at an angle </> where 

6 and <f> are connected by the simple energy and momentum equations. 

§108. Results of the measurement of absorption and scatter- 
ing in light elements. There is good reason to believe that the 
absorption in light elements is almost entirely due to scattering, the 

photo-electric absorption being negligible. By confiuing the attention 
first to this portion of the experimental results we a®e thus able to 
investigate the scattering laws, and then subsequently we may 
atlribute the difference between the absorption of heavy elements 
and of light elements to the photo-electric effect. 

All theories of scattering assume that for sufficiently short wave- 

length all electrons scatter equally, whatever their state of binding, 

and it is important to consider the experimental evidence on this 
point. If it is true, the absorption per electron of a beam however con- 

stituted should be the same for all light elements. The results of Kohl- 

rausch’si and Ahmad’s § measurements using the y rays of radium 
(B ~j C) with different degrees of filtering are shown in the next table: 



Filter 


Absorption per electron 

X 10“ 



H 

C 

0 

Mg 

A1 

s 

Kohlrausch 

Ahmad 

> 3-5 cm. Pb 
1-0 cm. Pb 

1*900 

1*58 

1*916 

1907 

i*sa 

1*60 

1*908 

1-51 
j 1*942 


* Kohlrausch, Wien. Ber . 128, 853, 1919. f Skobelzyn, Nature, 123, 411, 1929. 
J Kohlrausch, Wien. Ber. 126, 441, 683, 887, 1917. 

§ Ahmad, Proc. Roy. Soc. A, 105, 507, 1924. 
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It will be seen that the measurements support the constancy of 
the scattering per electron, but that they do not agree sufficiently 
well among themselves to render this conclusion certain. The relative 
values for sulphur, for example, are remarkably different in the two 
series. However, to a first approximation the absorption per electron 
is constant and we shall proceed to give an account of the analysis 
of the experimental result s* with this as basis. 



, The values that have been obtained by different observers for the 

total absorption coefficient in aluminium, that is a, + cr a , of the rays 

of radium (B + C) under different conditions of filtering, are shown 
in Fig. 129, the full curve being drawn through Kohlrausch’s values. 

The only serious divergence is shown by the valtfe of Owen, Fleming 

and Fage which is largely in excess of the measurements of Kohlrausch, 
and of Gray and Cave for the same degree of filtering. The other diver- 

gencies in the values of different observers probably have their origin 

in the different experimental arrangements used, in particular in the 
construction of the ionisation chambers, and in the relative positions 

chosen for the filter and absorber. Viewing the results as a whole 

one would anticipate that the curve drawn in Fig. 129 represents 
correctly the relative values of the absorption coefficient for different 
conditions of filtering, and that the absolute values as shown in the 
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curve are more likely to be too great, possibly to the extent of 
5 per cent., than too small. 

A comparison of the theoretical values to be expected on the 
Klein-Nishina formula with these measurements can only be effected 
by assuming some particular spectral distribution. The experiments 
which will yield a distribution best suited for comparison are those 
of Skobelzyn*. An account of this work will be found on p. 504, and 
it will suffice here to note that, using the Wilson cloud method, he 
measured the number and velocity of all electrons ejected from 
air whose initial directions made an angle of less than 20° with 
the direction of the y-ray beam. Using these data and employing 
the scattering laws which are under discussion, he was able to deduce 

the number of quanta in any frequency range. 

If p r is the relative number of quanta in a certain range of fre- 
quencies, and hv r is the mean energy of a quantum, then E r — p r -hv r 

is the total energy associated with the interval. The quantities p r 
and v r were determined directly in Skobelzyn’s experiments. The 
total absorption coefficient of the beam is then 

, 

n 1 

ZE r 

i 

o r being the value calculated fof the particular wave-length from the 
Klein-Nishina formula. 

To effect a closer comparison with experiment we must take the 

ionisation function of the ionisation chamber into account, which we 
shall do by weighing each value by o a . Hence finally we obtain for 
the effective absorption coefficient 

S (a tt ) r E r a r 
°»n = 1 » — • 

2 K) r E r 

1 

Calculation yields the value 0-155 cm. -1 , while for this degree of 

filtering (3*6 mm. of lead and 2 mm. of glass) experiment gives a value 
rather less than 0-163 cm. -1 . This agreement can be considered 

provisionaUy as satisfactory. 

For the rays filtered through considerable thicknesses of lead 

(about 4 cm.) it is clear that most of the energy of the beam will be 

* Skobelzyn, Ziit.f. Phye. 43, 364, 1927 ; 58, 595, 1929. 
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of short wave-length. Reference to the table of intensities given 
later (see p. 509) and also to Skobelzyn’s results shows that a fair 
estimate of the absorbability of the beam will be obtained by taking 
the coefficient for the strong line of 6*95 XU. 1 The Klein-Nishina 
formula for this wave-length gives 0*123 cm. -1 as compared with the 
experimental value 0-125 cm. -1 found by Kohlrausch. 

The <y rays of thorium G" should provide a better opportunity for 
testing the absorption formula, since so much of the energy resides in 
the line 4*7 X U and there are no other strong lines in the vicinity. 
Unfortunately the experimental data are scanty. Rutherford and 
Richardson* found that all the soft rays were absorbed in 2 mm. of 
aluminium and that then the absorption coefficient remained constant 
up to 9 cm. of aluminium. They found cr — 0*096 cm. -1 , whereas the 
Klein-Nishina formula gives 0*097. This numerical agreement may 
be deceptive since the technique of y ray absorption measurements 

was not fully developed at the time these measurements were made. 

§108 a. The absorption of energy in th$ scattering process. As 

is seen from Fig. 125 the theoretical value of cr a remains sensibly 
constant over the whole of the radium B spectrum and part of the 

radium C, and varies only slowly over the remainder of the radium C 

region. The calculated value of a a for radium (B -|- C) rays will 
therefore not be very sensitive to spectral distribution. Using 
intensities deduced from Skobelzyn’s results, one finds <j a = 0-068 cm. -1 . 
Attempts to measure <j a as the apparent absorption coefficient of a 
light element when all the scattered radiation enters the ionisation 
chamber have been made by Ishinof and by Owen, Fleming and 
Fagef. The method is not easy to carry out as there are many cor- 
rections to be applied. The chief of these is due to the reabsorption of 

the scattered radiation which is abnormal owing to its increase in 

wave-length. A more promising method of attack would appear to 

be on the lines of an experiment by L. If. Gray§. A source is situated 

at the centre of a mass of absorbing material, and the loss of energy 
per c.c. is measured at different points along a radius by finding the 

ionisation in a small air cavity in a large mass of aluminium. Since 
1 dE 

o a = EHx’ ^ ma ^ ^ ec * uce( * once f rom fb 0 graph of the 

Rutherford and Richardson, Phil . Mag. 26, 939, 1913. 

f Jshino, Phil. Mag. 33, 129, 1917. * 

j Owen, Fleming and Fage, Proc. Phya. Soc. London , 36, 355, 1924. 

{ ti H. Gray, unpublished. 
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experimentally measured quantity * dEjdx against x. Gray finds 
values decreasing from 0068 cm. -1 to 0*065 cm. within the first 5 cm. 
of absorber. The reason for this decrease is not clear and may be 
connected with the fact that in these preliminary experiments brick 
was used to replace part of the aluminium. 

§ 108 b. The angular distribution of tliQ scattered y rays and tbe 
recoil electrons. A careful series of experiments has been carried 
out by Kohlrausch with the apparatus described on p. 472. His 
results for scattering from carbon are shown in Fig. 130, where the 
radius vector shows the intensity of radiation scattered at that 



angle. It will be seen that the scattering is predominant in the 

forward direction, and further, by comparing curve I with no absorber 

with curve II with *3 mm. of lead in the path of the scattered rays, 

it will be noticed that the radiation is softer the greater the angle of 

scattering. The latter result is a consequence of the Compton change 

*f wave-length. While all modern theories of scattering have been 

arranged to give the excess forward scattering, they differ con- 
siderably in their quantitative predictions. Experiments of this type 
should therefore provide a valuable test of the accuracy of different 

theories. At present there are no experimental results sufficiently 

'dependable to justify a close analysis and it is unsafe to say more 

than that Kohlrausch’s measurements probably support the Klein- 
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Nishina formula. J. A. Gray and Gave* took great care to estimate 
the ionisationiunction forth© beam scattered*^ each angle. However, 
they only filtered their rays'thfrough 2*2 cm. of lead, and in sqch a 
way that the full scattered radiation would be mixed with the beam. 
It is difficult to form am estimate of the constitution of the beam, 
and if a certain latitude is allowed in the choice of the mean wave- 
length either the Compton, Dirac or the Klein-Nishiqa formula ‘inay 
be made to fit. 

The angular distribution of the recoil electrons is merely another 
aspect of the above problem. We have already mentioned that 
Skobelzyn investigated by means of the expansion chamber method 
the angular distribution of the recoil electrons liberated from air 
by the y rays of radium B and radium C. Two series of experiments 
were carried out in which the y rays were filtered through 3-5 mm. and 
1*0 cm. of lead respectively. If we consider the former series, we may 
use directly the intensity distribution found by Skobelzyn in his 
other experiments referred to on p. 475. The observed distribution of 
recoil electrons is the mean of the distributions given by the separate 
components, weighted in proportion to the number of quanta in 
that component. 

Skobelzynf measured the number of electrons emitted within 
various angular ranges from the y ray beam. The distribution of 
903 tracks is shown in the next table and is compared with that to 
be expected for 900 tracks from the Klein-Nishina formula. 


Angular range 

o 

O 

"7 

o 

10°-20° 

20°-40° 

40°-60° 

60°-80° 

80°-90° 

No. of tracks: 
Observed 

117 

149 

242 

215 

161 

19 

, Calculated 1 

92 

152 

I 

266 

224 

146 

20 


In view t of the difficulty and statistical nature of the experiment 
we may consider this as strong support for the accuracy of the 
theoretical formulae. * 

Jf We view as a whole the various comparisons that have been 
made between theory $nd experiment, we may conclude that there 
is nothing in the accumulated experimental data which is definitely 
in contradiction to the Klein-Nishina formula. The order of disagree- 

* **J. A. Gray and Cave, Trans. Roy. Sod. Canada , 21, 163, 1927. 

t Skobelzyn, Nature, March 16, 41 1J 1929. 
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merit of theory with experiment is 5 per cent, $nd is not systematic. 
The» older theories of Compton and Diiao on the other hand gave 
systematic disagreement of the ordef of '20 to 4yp per cent. 

§109. The results of the measurement of absorption in heavy 
elements. If .it is admitted that the scattering per electron is 
constant, and independent* of the state of binding, we may obtain 
the absorption due to the photo-electric effect by subtracting from 
the absorption per electron e fx' of a heavy element such as lead the 
mean value of the absorption per electron e /x found for the lighter 
elements. The atomic coefficient A r is thus Z ( # /x' — e fx). It has been 
usual to use the X ray formula A r = CZ l A 3 for expressing results 
which while not exact is convenient, and to obtain exact agreement 
in any one range by slightly altering the exponents of Z and A. In 
the y ray region a t appears to follow approximately the same law with 
respect to Z. We have referred to Ahmad’s experiments in which he 
made an accurate measurement of the absorption coefficients of a 
series of elements from uranium to aluminium for the y rays of 
radium (B + C) filtered through 1cm. of lead. Provided a t is given 
by an expression of the form t r ?= f (Z) <f> (A), the dependence on Z 
should be given by these measurements independently of the con- 
stitution of the beam. Ahmad obtained A r as above by subtracting 
the absorption in aluminium and found that approximately A r varied 
as Z*. Some results of Kohlrausch’s carried out under quite different 
conditions of filtering lead to the same conclusion, so there is good 

reasop to believe in the substantial accuracy of a formula of the 
type a t = CZty (A). Further investigation on this point is desirable 
since there are certain discrepancies in the values of r for the heaviest 
elements which need explaining. 

The dependence on A is not so simple and can scarcely be repre- 
sented by A n . While in the X ray region n is approximately 3, we 
shall see that a smaller value for n must be taken if we wish to keep 
the same forhi for y rays. J. A. Gray* has pointed out that the 

rays of radium (B -f C) when filtered through 1*6 crd. of lead give 
recoil electrons sufficiently fast to penetrate nearly 3 mm. of alu- 
minium, And requiring 0*5 mm. to reduce them to half- value. From 
this he deduced that the effective value of the Wave-length of the 
beam was unlikely to be greater than 8 XU. The photoelectric 
absorption coefficient of the beam is deduced as usual by subtraction 

* J. A. Gray,^r T a/Mre, 115, 13, 86, 1925, 
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of the aluminium absorption. This coefficient for 8 X IJ is then 
compared with the measured value 4or X rays of 100 XU, and’it is 
found that in this range the average value of n cannot be much 
greater than 2-2*. 

Fig. 1 31 1 shows the measurements of different observers of the 
absorbability in lead of the y rays of radium (B ■+■ C) filtered through 
different thicknesses of lead. For any given filter thicknesses we may 
determine the effective wave-length by the Klein-Nishiim formula, 
using the absorption in aluminium shown already in Fig. 129. The 
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photo-electric absorption for this degree of filtering is then obtained 
by subtraction* of the aluminium from the lead absorption. In this 
way it is found that r oc A 2 2 . The exponent of A will have been over- 
estimated since the mean effective wqye-length for photo-electric 

absorption is always greater than the effective wave-length for 

scattering^. . , * „ 

Whfle^mudi weight caftnot be laid on the values of the exponent 
n determined in this way, it seems clear that there is a departure 
from the X ray 4 lows. Further evidence on this point is considered 
in chapter xvi, § 110. 

* J. A. Gray and Cavfc, Trans. Roy. Soc* Canada , 21, 163, 1927. , 

f The full curve attributed to Kohlrausch was obtained by graphical methods from 
the corresponding data of ionisation current and filter thicknoss given in the paper. 
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§110. The excftatieii of y rays by /? particles. The first experi- 
ments which gave definite evidence of the excitation of y radiation 
by the impact of P particle? on ordinary matter were those of J. A. 
Gray *. Using the p particles of radium E, which body is particularly 
suitable since it emits so few primary y rays, he was able to detect 
y radiation from several different materials. The amount of the 
y radiation became greater as the atomic weight of the radiator 
increased . 1 In a subsequent paper! he showed that the y radiation 
in the forward direction was generally more intense and more pene- 
trating than that in the backward direction, this difference being 
greater for elements of small atomic weight. ChadwickJ, using the 
P rays of radium p, confirmed and extended these results. Though 
more intense sources were available, it proved difficult to measure 
the secondary y radiation in the presence of the intense primary y 
radiation from radium C. However, by concentrating the ft particles 
on to the radiator by means of a convergent magnetic field, and 
arranging the apparatus in such a way that a large block of lead 
could be interposed between the source and the ionisation chamber, 

it was possible to determine the relative amounts of radiation excited 

in different materials, and their approximate absorption coefficients. 
His results are show r n in the next table. 


Material 

Relative 
amount of 
excited rays 

(P/P) Ft. 

0-1*3 cm. 

1-3-2-6 cm. 

Uranium 

100 

0-15 

010 

Lead 

92 

0*17 

0*10 

Tin 

82 

0*18 

0*11 

Zinc 

79 

019 

0*12 

Aluminium 

75 

0*23 

013 


It is clear from these figures that no considerable quantity of the 
characteristic X ra^s of the # radiators can have been excited, or a far 

greater change in the absorption coefficient of the radiation would have 

been found between uranium and akuuiniuai. It is probable that this 
iadiation was emitted directly by the impinging p jlartide^in the same 

ftiann^r as at an anticathode in an X ray tube. We Should expect in 
thifroase that the radiatidn would be continuous in character and show 
a hardening with increasing thickness, such as was in fact found. 

* J. A. Gray, Proc. Rpy. Soc. A, 85, 131, 1911, 
f J. A. Gray, Proc. Roy. Soc. A, 86, 513, 1912. 

J Chadwick, Phil. Ma$. 24, 594, 1912. 
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§111. Excitation of X rays and y rays J>y a particles. It is 
known that when a particles pass through matter they ionise the 
atoms, and while most of the electrons that are removed come from 
the outer regions of the atoms, in certain cases K and L electrons 
will be ejected. It is to be expected therefore that a small amount 
of the characteristic X radiations of the material will be excited. 

The first experiments oq this subject were made by Chadwick*, 
who showed that a small but detectable amount of radiation was 
excited by the a rays pf radium C when they impinged on matter. 
A detailed investigation of the radiation was not possible owning to 
the intense primary y radiation from radium C. Chadwick and 
Russellf found that from a mixture of ionium and thorium oxides 
a weak radiation was emitted which appeared to be composed of the 
K , L and M radiations of an element of high atomic number. It was 
impossible to settle whether the radiations were excited in the ionium 
atoms or in the surrounding atoms of thorium, but the former con- 
clusion is the more probable. 

Another series of experiments led to more ,, definite results. The same 
authors found that, when polonium was deposited on aluminium, an 
approximately homogeneous radiation with p/p in aluminium of 
about 215 cm. -1 was emitted (see p. 456, footnote j). When the active 
material was deposited on copper, in addition to this radiatiorj, they 


found one with p/p about 1300. They suggested that 
this latter was the L radiation of copper and w as ex- 
cited by the impact of the a particles. 

A very careful and detailed series of experiments 
have recently been carried out by Bothe and FranzJ. 
The arrangement of the apparatus can be seen from 

Fig. 132 . The a rays from two polonium sources Po 
fell on the substance S to be investigated, and any 
radiation emitted could be detected by a Geiger 


Substance 



Fig. 132. 


counter. The character of the radiation could be estimated from its 


absbrbability, determined by inserting screens of aluminium before 
the counter, while the effect of a particles of different speed was 

determined by placing thin sheets of mica at M, The counter was 

fiUed with a mixture of 80 per cent, argon and 20 per cent, nitrogen, 


* Chadwick, Phil. Wag. 25, 193, 1913. 

t Chadwick and Ruawll, Troc. Roy. Roc. A, 88, 2*7, 1913; Phil. Mag. 27, 112^ 
1914. 

X Bothe and Frfinz, Zeit. f. Phys . 52, 466, 1928. 
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since with this filling the, effect of any H particles liberated from S is 
small compared with the radiation effect. Fourteen elements were 
investigated, ranging from atomic numbers 12 to 83. From magnesium 
(12) to zinc (30) the absorption coefficients showed clearly that it was 
the K X radiation which gave the main effect. With zinc (30) the 
K radiation was already very weak and with selenium (34) a new 
soft radiation appeared which proved to be the L X rays. The amount 
of this also steadily decreased with increasing atomic number, until 
with bismuth it was the M radiation which gave the chief effect. 
These results are easily understandable in a general way, for the 
necessary preliminary to the emission of K or L radiation Ls the 
removal of a K or L electron, and this becomes increasingly less 
probable as the binding energy increases. The particular atomic 
number for which the L radiation is first found depends on the 
arrangement of the apparatus, since for atomic numbers below 34 it 
was so soft that it was absorbed before reaching the counter. No 
continuous radiation was lound of the same order of hardness or of 
intensity as the characteristic radiation, and in this respect there is a 
distinct difference from the behaviour of f3 particles. The very much 
harder impact radiation, which as we shall see later was found by 
Slater, would scarcely have been detected in these experiments. 

The dependence of the amount of excited radiation on the range 
of the a particles was investigated in detail for aluminium, and 
from these results, virtually by differentiation, was obtained a curve 
showing z (R) against R, where z (R) dR is the amount of radiation 

excited by an a particle between ranges R and R + dR. This curve 
is analogous to the ordinary ionisation-range curve for a particles 
but if shows only the ionisation due to the removal of the K electrons. 

With aluminium the curve appeared to be approaching a maximum 
value, although this was not quite reached with the available range 
3*85 cm. It may be noted that K radiation was excited even with 

a particles of 1 cm. range, whereas according to the ordinary classical 

theory of collisions no a particles of range less than 1-6 cm. could 
give the K ionisation energy to the electron. With calcium, iron and 

tantalum the theoretical minimum range which should have been 

necessary for excitation was actually greater than tlie full range of 
the a particle. This shows a distinct departure from classical laws and 
is probably only explainable on modern quantum views; Born’s* 
theory of collisions permits, in the case of infinite nuclear mass, the 
* Bom, Zeit. f. Phtjs. 38, 803, 1926. 


31-2 
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whole energy of the a particle to be transferred to the electron. 
Experiments leading to somewhat similar results have been per- 
formed on the efficiency of excitation of the K radiation by electrons 
of different speeds. 

Slater* investigated in considerable detail the radiations excited 
by the impact on various materials of the a particles from radon. 
A glass tube lined with a foil of the material under investigation was, 
by a special arrangement, filled very rapidly with radon. Under these 



conditions the primary y radiation due to radium B and radium C is 
Ifeiy ^mall for the fir&t few minutes (see § 5). Great care was taken 
.that no active deposit was introduced into the tube, which was then 
placed close to the base of a large electroscope. Measurements were 
commenced usually 30 seconds after the introduction of the radon. 
Typical curves of the rise of they ray activity are shown in Fig. 133. 
The increase from the initial value is due to the growth of the products 
radium B And radium C, but the extrapolation to zero time shows 
clearly that a small amount of y radiation is associated with the radon> 
♦ Slater, Phil. Mag . 42, 904, 1921. 
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The difference between the radiations at zero time obtained with a 
lead lining and a paper lining in tfye glass tube was taken as a measure 
of the radiation excited by the a particles of radon on the lead. In 
this way it was shown that a hard y radiation was emitted, which 
differed but little in quality when the radiator was changed from 
one of high atomic number to one of medium atomic number. For 
example the mass coefficients (n/p) in lead were 0-16 for a radiator of 
lead and 0-18 for one of tin. The intensity obtained was very small, 
and only a small fraction of the impinging a particles could have 
been effective. For the same absorption conditions the intensity is 
about 50 per cent, greater for the lead radiation than for the tin 
radiation. These results are what would be expected if this radiation 
was emitted during the close collision of an a particle with a nucleus 
of one of the atoms of the radiator. It is most important to decide 
whether this is continuous radiation and analogous to the continuous 
radiation emitted by high-speed electrons hitting the anticathode of 
an X ray tube, or whethet it is due to a disturbance of the nucleus 
by the impact of the a particle. As is discussed in § 57, it is possible 
that t)it« nucleus suffers a marked distortion or polarisation during 
a close collision with an a particle, and it is therefore possible that some 
radiation is emitted by the nucleus during the subsequent relaxation! 

In addition to this hard radiation, Slater detected the K and L 
characteristic radiations of the radiators, which have already been 
discussed in relation to the experiments of Chadwick and Russell, 
and Both© and Franz. 

§ 112. Penetrating radiation. The study of the penetrating radia- 
tion had its origin in the observations of Elster and Geitel* and of 
C. T. R. Wilsonf that there was always a small amount of residual 
ionisation in an electroscope. They found that there was a definite 
transport of charge* to the insulated system even after all possible 
precautions had been takefi to reduce electrical leakage ovqr the 
insulators. The order of magnitude of this residual ionisation corre- 
ponded to the production of about twenty pairs of ions per second 
per cubic centimetre. McLennan and BurtonJ and Rutherford and 
Cooke § found that the ionisation could be considerably reduced by 

* Elster and Geitel, Phys. Zeit . 2, 116, 560, 590, 190q, 

f C. T. R. Wilson, Proc. Camb . Phil, Soc. 11, 32, 1900 and Proc, Roy, Soc, A, 
68. 151 ; 69, 277, 1901. t 

McLennan and Burton, Phys, Rev, 16, 184, 1903, 

§ Rutherford and Cooke, Phys, Rev. 16, 183, 1903. 
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surrounding the electroscope with a thick layer of some material, and 
they concluded that part of the ionisation must be due to an external 
penetrating radiation. That the greater part of this effect was due to 
radioactive material in the ground was shown by McLennan, Wulf, 
Gockel, Wright and others, who found that the ionisation was reduced 
when the apparatus was set up over a deep lake. Bergwitz and Gockel 
attempted to pursue this further by making observations in balloons. 
If the radiation came entirely from the earth the effect should decrease 
with height, due both to the increased distance and to the absorption 
of the air? Hess* was the first to obtain definite results by this method, 
and showed that, while the ionisation decreased slightly up to a 
distance ol 1006 metres, above 2000 metres it began again to increase, 
*md at 5000 metres it was already two or three times the value found 
at ground-level. This indicated definitely the presence of radiation 
travelling downwards through the earth’s atmosphere, and in view of 
the possible cosmic origin of the radiation gave a fresh interest and 

importance to the investigations. These experiments were continued 
by Kolhorsterf with improved apparatus and he was able to extend 
the measurements to a height of 9000 metres. lie observed that the 

absorption coefficient of the radiation increased with altitude up to 
7000 metres and then fell sharply. Quite recently he has made other 
balloon ascents which have confirmed the maximum of the absorption 

coefficient between 6000 and 7000 metres, but so far no quantitative 
theoretical explanation has been offered. 

Millikan and Bowen J have reported the results obtained from two 

flights of small pilot balloons carrying recording electroscopes which 
reached heights of 11-2 and 15-5 kilometres. The average discharge 
rate abpve the 6 kilometre level was about three times the rate at 
the surface. Hess§ and Kolhorster || have pointed out that this ratio 

■was less than that to be estimated from their results. 

A more fruitful method of investigation has been to measure the 

loiHsfltion at the surface of a snow-fed lake ^ at a considerable altitucfe, 

say 5000 metres, and then by sinking the electroscope in the lake to 

obtain the absorption curve in water. An advantage of this method 

♦ Hess, Phys. Zeit. 12, 988, 1911; 13, 1084, 1912. 
t Kolhorster, Phys. Zeil. 14, 1066, 115% 1913. 
j Millikan and Bowen, Ptyys. Re^ 27, 851, 1926. 

§ H esa, Phys. Zeit. 27, 159, 1926. 
fj Kolhftrster, Zeit. f. Phys . 28, 404, 1926. 

f Under these conditions the water is free from contamination by radioactive 
bodies. 
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is that by sinking the electroscope to a sufficient depth the true 
natural leak of the electroscope can be estimated. It is further 
possible to compare the measurements with those taken at sea-level 
by allowing for the water equivalent of the intervening mass of air. 
It is assumed that only scattering absorption is relevant, and that 
it is only the number of electrons which determines the absorp- 
tion. On this assumption the atmosphere has an absorbing effect 
equivalent to 10*33 metres of water, while that portion of the 
atmosphere above 5000 metres is equivalent to 5*3 metres of water. 



Following this general method, Millikan and Cameron* in a long 

series of experiments have been able to establish the results given in 

Fig. 134. This shows the absorption curve of the penetrating radiation 

iii water obtained by combining the measurements obtained at two 

different localities, the value at 10*33 metres corresponding to that 
at sea-level. The ionisation is expressed in terms of the number 
of ions produced per c.c. per sec. in air at n.t.p. This unit is 
usually denoted by I. Millikan and Cameron find the ionisation at 
sea-level to be about 1*4/, white Kolhorster reports values nearer 
to 21 . Values falling on this curve were also obtained from obser- 

Millikan and Cameron, Phys. Rev. 28, 851, 1926; 31, 163, 921, 1928. 
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vations'inade in lakes situated both in the northern and southern 
hemisphere, so that it furnishes reliably experimental material from 
which we may attempt to determine the characteristics of radiation. 
The possibility of carrying out measurements of this type has depended 
to a great extent on the development of suitable electroscopes. The 
general type Used is due in principle to Wulf and consists of two 
dputiered quartz fibres, mounted on a suitable quartz support, whose 
mutual repulsion measured by their separation shows the charge on 
the system. In the experiments of Millikan and Cameron this was 

arranged inside an electroscope of 1 to 2 litres volume which was 

filled with air at a high pressure, the ionisation being approximately 
proportional to the pressure. 'The curve shown in Fig. 134 was 
obtained with an electroscope filled with air at 8 atm. A full discussion 

of the details of construction of electroscopes suitable for these 

measurements is given by Kolhorster*. 

The extraordinary power of penetration of this radiation will at 

onfce be noticed. Measurements were taken down, to a depth corre- 
sponding to 68 metres of water below the surface of the atmosphere, 
and the radiation is so penetrating that with this apparatus ionisation 
could be detected at 58 metres. 

Millikan and Cameron have made an attempt to determine the 
constitution of the radiation by analysing this curve. Assuming that 
a parallel homogeneous beam is absorbed exponentially, they obtain 
the experimental curve by the superposition of three curves, each 
referring to the absorption of radiation initially homogeneous and 

isotropic at the top of the atmosphere, the absorption coefficients 

being 0-35, 0-08 and 0 04 metre -1 of water. 

Some remarkable experiments have recently been carried out by 

Regenerf in which he was able to detect ionisation at a depth of 

231 metres of water below the surface of Lake Constance. He used 
a steel ionisation vessel of 39 litres capacity filled vfrith carbon dioxide 

at 30 atmospheres pressure, and the position of the fibre of the 

electrometer was registered on a photographic plate at hourly intervals. 
His results are shown in the next table, and the great extensidn ln 

our knowledge of the penetrating radiation provided by these experi- 

ments will be appreciated from the fact that even the second value at 
78*6 metres is beyond the region explored by Millikan and Cameron. 
At the time of writing the full results have not been worked out, 

* Kolhorster, Zeit. f, Inslrumentkunde , 44 , 333, 1924. 
t Regener, Naturwiss. 11, 183, 1929. 
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but it appears likely that a single absorption coefficient' of value 
rather less than 0*018 metre -1 will describe the absorption of the 
radiation at depths greater than 80 metres. 


Depth below 
the surface ' 
in metres 

Ionisation 
current 
(arbit. units) 

Ionisation ' 
current les§ 
natural effect 

32-4 

4-33 

3-55 

78*6 

1-66 

0-87 

105*2 

1*31 

0*53 

163-6 

100 

0-22 

173-6 

0-93 

0-16 

186-3 

0-89 

0-106 

230-8 

0-83 ' . 

0051 


The absorption of penetrating radiation has been studied in media 
other than air and water, notably by Biittner*, Steinke|, HoffmannJ 

and Myssowsky and Tuwim§. The experimental results of the latter 
authors are particularly cl ear-cut. After the first 9 cm. the absorption 

per electron in lead is ti je same as in water, but during the initial 

period the absorption is abnormally rapid. This abnormality of the 
transition region from a medium of low to one of high atomic number 
was referred by Hoffmann to the photoelectric absorption of the 
degraded radiation in the second medium, but it seems doubtful 
whether a quantitative explanation is possible along these lines. 

The account we have given of the experiments on the penetrating 
radiation may have implied that this was electromagnetic radiation, 
a type of ultra y radiation. We shall see that while this is perhaps the 

most natural assumption it is by no means rendered inevitable by the 

data, in fact there is one experiment which can be interpreted as 
direct proof of the corpuscular nature of this radiation. C. T. R. 
Wilson || first pointed out that /? particles of sufficient energy could 

produce most of tjie phenomena observed in connection with the 

penetrating radiation, and there may well exist conditions in thunder- 
storms where jS particles piay acquire the necessary great energies of 

more than 10 4 volts. Apart from the possibility how /S particles of such 

energy could arise, it is a matter of great interest to see whether there 

is any evidence that they constitute the penetrating radiation. 

* Biittner, Zeit.f. Oeophys. 3, 161, 1927. 
f Steinke, Zeit. f. Phys. 42 , 670; 1927; 48 , 647, 1928. 

J Hoffmann, Phys. Zeit , 26, 669, 1925; Ann. d. Phys. 82, 413, 1927. 

§ Myssowsky and Tuwim, Zeit. /. Phys. 60, 273, 1928. 

|| C. T. R, Wilson, Proc. Camb. Phil. Soc. 22, 634, 1926. 
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Both© and Kolhorster* have recently reported experiments which 
they interpret as favouring this latter view. They arranged two 
counters, of a special design due to Geiger, at a small distance 
apart inside a protecting shield of iron. A certain number of the 
kicks occurred simultaneously in the two counters and were certainly 
due to the safhe /? particle traversing both counters. To determine 

whet her these yS particles were of '•secondary origin and liberated by 
a type; of ultra y ray radiation, or whether they themselves con- 
stituted the penetrating radiation, they placed a block of gold 4-1 cm. 
thick between the. two counters and observed a 25 per cent, decrease 

in the number of simultaneous kicks. 

Since it is Ipiown that the introduction of such a block of gold 
Would lead to about the same reduction in the ionisation produced 

by penetrating radiation, Bofche and Kolhorster concluded provisionally 
that the primary penetrating radiation was in fact very high speed 
particles. The number of these particles would be very small, about 

1/100 per Cm. 2 per sec., but their individual energies must be very 
high, probably greater than 10 9 volts. * 

It is extremely unlikely that the very penetrating radiation ob- 
served by Regener could be cbrpuscular in nature, but it is possible 
that it is true electromagnetic radiation excited in matter by the 
impact of the high-speed corpuscles which are responsible for the 

ionisation observed j&t smaller absorptions. A detailed examination 
of this tiew shows that the chief difficulty will be to account satis- 
factorily for tlie phenomena in the transition region. 

At present it is not possible to form any definite idea as to the 

nature of those corpuscles, they might be either electrons or protons. 
At such high energies as 10 9 , volts, electrons and protons have com- 

parable masses and momenta and the chief remaining distinction is 

the sign of the charge. 

While the experiment we have described is tHe only evidence in 

favour of the corpuscular nature of the radiation, it must be re- 
membered that on the other hand there is no positive evidence for 
the alternative view. Hotvever, the assumption that the radiation is 
electromagnetic is sq natural and has been so widely adopted that it 

is of interest to consider some of the consequences of this view. 

Many attempts have been made to* obtain an idea of the nature of 

the radiation by analysing the absorption curves. It is of course 
. simple to split up the observed curve into a number of components* 
* Bothe and Kolhdrster, Zeit. f. Phys. 66, 761, 1929. 
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and then on the basis of some absorption formula to obtain their 
wave-lengths, but L. H. Gray* has pointed out the necessity for con- 
sidering the effect of the degraded radiation of ldnger wave-length 
produced by the scattering process. Whenever a primary quantum 
of energy is scattered there is produced a recoil electron, the energy of 
which is transformed into “ primary ” ionisation, and a quantum of 

“degraded.” y ray energy, the whole of which is ultimately trans- 
formed into ionisation. It is evident that the degraded radiation will 



Fig. 135. 

build up from the primary in a manner analogous to the growth of a 

short-lived radioactive substance from a decaying parent body. After 
equilibrium has been reached the total ionisation (primary + degraded) 

will fall off in a maimer identical with the absorption of the primary 

radiation atom. Whether or not experimental absorption curves may 
be used as the bases of calculation of wave-lengths will therefore 

depend upon how quickly equilibrium is reached between degraded 
and primary ionisation. 

* L. H. Gray, Proc. Soy. Soc. A, 122, 647, 1929. 
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L. H. Gray* has calculated on the basis of the Klein-Nishina 
formula that the degraded radiation produced by the absorption 
of a primary radiation of wave-length 0*094 XU (corresponding to 
an absorption coefficient 0*22 metre -1 water) will have reached 
85 per cent, of its equilibrium value after traversing 2 metres of 
water. Equilibrium is of course reached more slowly in the case of 
shorter wave-lengths. The rfclative*tsontributions of the primary and 
degraded ionisation to the total ionisation can be seen from Fig. 135. 

It will be realised from this example that it may be a matter of 
considerable difficulty to deduce the spectral distribution of the 
radiation giving the experimental absorption curve shown in Fig. 134. 
We have seen that this penetrating radiation is not homogeneous, 
but contains components whose absorption coefficients in water lie 
between 0*35 and 0*018 metre -1 . If it is valid to extrapolate the 
Klein-Nishina formula, these coefficients correspond to quantum 
energies of 90 to about 2000 million volts. These extremely high 
energies have led .to interesting speculations on the origin of the 
Yadiations. It has been suggested that they are emitted during the 
combination of nuclei in remote regions of the universe. The energy 

hv of the quantum is put equal to me 2 , where m is the loss of mass 

of the emitting system. For example, the complete annihilation of 
a proton would on this view give a y ray of 940 million volts. Much 
mor0 w r ork however will have to be carried out before it is safe to 
pursue these views further. We have seen that it is not yet settled 
whether the penetrating radiation is in fact of the y ray type or 
whether it consists of very high speed electrons. Even if the former 
is true, any estimate of wave-length based on the absorption coeffi- 
cients involves an enormous extrapolation from the region investigated 
experimentally. In the ordinary theories the scattering of the 
radiation is supposed to be confined to the extra-nuclear electrons, 

but if we are dealing with a quantum of energy of the order of some 
hundred million volts, it is not unlikely that the nuclear electrons 

may also be effective in scattering. So far, experiments have been 
mainly confined to measuring the ionisation produced in a sealed 
electroscope. Further experiments are required which * will give 
definite indication of the energy of the swift electrons present in 
atmosphere, for this will give valuable information on the maximum 
frequency of the radiation that could produce thpm, Independently 
,of the exact truth of our theories of absorptioiU 
} * L. H. Gray, loc. cit. 
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Some interesting observations on this point have been reported by 
Skobelzyn*. During the course of his experiments, in which he 
observed by means of an expansion chamber the recoil electrons pro- 
duced by y rays, he noticed certain tracks whose occurrence was quite 
unconnected with the presence of the radioactive source. Although 
a vertical magnetic field of about 1500^ gauss was applied at 
the moment of expansion, these tracks we^e in most,cases quite un- 
affected. This was due partly to the high energy of the particles and 
partly to the fact that most of the tracks made„only small angles with 
the direction of the magnetic field, and it was only possible to set a 
lower limit to the momentum of the particles. Assuming the particles 
to be electrons, their energy was estimated at greater than 15 million 
volts. In all, 32 of thes6 tracks were observed during 613 expansions, 
which corresponds to about 1 electron per minute crossing 1 cm. 2 of a 
horizontal plane. 

It is a subsidiary point of some interest that the density of 
ionisation along the tracks did not differ greatly from that produced 
by ft particles of 1 or 2 /billion volts energy. This indicates that the 
ionisation must be mainly a function of the velocity and not of the 

energy, in agreement with the results described in § 101, and leads 
to an estimate of about 1 ion per c.c. per sec. for the total ionisation 
produced by these particles. Since, as we have already seen, the 

ionisation produced in electroscopes by penetrating radiation is about 
1*4 ions } er c.c. per sec., it seems clear that these ft particles of high 
energy are the ultimate ionising particles. 

Several attempts have been made to determine whether the 
radiation shows any directional effect which can be associated with 
the distribution of matter in the universe. Kolhorster has investi- 
gated this matter very carefully, the general principle of the experi- 
ments being to take a long series of measurements at one point, and 
to determine whether there are any systematic fluctuations which 

can be correlated with the sidereal time. It appears that there are 

fluctuations within the period of a few hours which are two or three 
times as great as the error of the experiment. Systematic observations 
have beer\ made by Steinkef, Biittner and Feld|, and Kolhorster 

and von Salis§. A critical examination of these measurements has 

** Skobelzyn, Zeit.f . Phys, 54, 686, 1929. 
t Steinke, Zeik /. fhya. 42, 570, 1927. 
j Biittner and Feld, Zett. f. Phys, 45, 588, 1927. 

§ KolhOrster and v. Salis, Ber. d . Preuss . Akad. d. IFm. p, 92, 1927, 
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been made by Corlin*, who concludes that on the whole there is some 
regularity. In all cases the intensity is relatively high at 1 5h and 
low at 10& and there is possibly another maximum between 5 h and Sh. 
Since Hess and Matthias*)* did npt observe these fluctuations, using 
an electroscope covered with 7 cm. of iron, it was concluded pro- 
visionally that only the softer components of the penetrating radia- 
tion followed sidereal time.* However, RegenerJ in his recent work 
observed definite fluctuations in the penetrating radiation at a depth 
of 78 metres below the surface of Lake Constance, and it is possible 

that even the hardest components show the same phenomenon. 

* Corlin, Zeit. /. Phys . 50, 808, 1928. 

■f Hess and Matthias, Her. d. Akad. d. Wjss. in Wien, 137, 2 a, 327, 1928. 

£ Regener, Natunviss. 11, 183, 1929*. 
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INTENSITY PROBLEMS CONNECTED WITH THE 
EMISSION OF y RAYS 

§113. Measurement oi the total energy emitted In the form 
of y rays. It was early shown by Rutherford and Barnes* that 
the y rays could only account for a small fraction of the heating 
effect of radium and its products. Later Rutherford and Robinson*}*, 

in the course of their work on the heating effect of the a rays (see 
§ 32), were able to estimate the energy emitted in -the form of y rays 
by radium B and radium C as about 7 per cent, of the total dis- 
integration energy of radon in equilibrium with its products. The 

method employed was to measure first the heating effect due to the 
a and /3 rays, the walls of the calorimeter being sufficiently thin to 

allow practically 'all the y rays to escape, and then to determine the 
increased heating effect when a certain fraction of the y rays were 
absorbed by lead screens placed inside the calorimeter. No great 
accuracy was possible as the small heating effect of the y rays was 

measured a~s the difference between two large effects. 

Ellis and. WoosterJ devised a method of automatically compensating 
the large a ray and /? ray effect, enabling that due to the y rays 
to be measured directly. The calorimeter consisted of a hollow 
cylinder of four equal sectors, the two opposing ones A and B being 

respectively of lead and aluminium, while the intermediate ones 

were of insulating material. The difference of temperature between 
A and B was measured by a system of thermocouples. The radioactive 

source, a small glass tube filled with radon, was placed in a hollow 

copper rod arranged along the axis pf the apparatus so that it did 

not touch any of the sectors. The « fay* and /? ray heating was 
automatically compensated by this arfangement, since although the 

copper rod became heated, as much heat was received from it by 

the aluminium sector as by the lead sector. These had exactly equal 
heat capacities and therefore the rise in temperature due to the ab- 

sorption Of the a and rays was the same for both. On the other hand 
the greater absorption of the y rays in the lead sector than in tb« 

* Rutherford and Barnes, Phil. Mag. 9, 621, 1905. 
f Rutherford and Robinson, Pfcl. Mag. 25, 312, 1913. 
j Ellis and Wooster, Phil. Mag. 50, 621, 1926, 
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aluminium gaveYise to a temperature difference, and a corresponding 
deflection of the galvanometer connected to the thermocouple system. 
The deduction of the total energy from the observed heating effect due 
to the partial absorption of the y rays involved! the use of the mean 
enefj^y absorption coefficients of the y rays in lead and aluminium. 
These could not be measured directly but had to be calculated from 
‘scattering and absorption measurements. The final result was that 

t!he amount of radium B and radium C in equilibrium with 1 gram 
of radium emits 8*6 calories per hour in the form of y rays. 
We- s hall see later that this figure is almost certainly too low and a 

more probable value is 9*4 calories per hour. While the use of later 
values of the energy absorption coefficients would lead to almost this 
figure, it appears unlikely that the heating method can ever give very 

dependable results in this case, since so much of the y ray energy is 

associated with the higher frequency y rays. Suppose we consider a 
high-frequency beam of y rays to traverse a thickness x of lead and 

to give a heating effect Q in it. The fraction absorbed in the lead is 
deduced from ionisation measurements and <5an be written (7 0 — I x )/I 0 . 
The total energy would then have to be calculated from the expression 

Q./ 0 /(/ 0 - I*), which involves the ratio of the two small quantities, 

Q and 1 0 — I X , which have to be measured independently. Under 

these circumstances the possible error is necessarily large. 

A more promising method is tb measure the total number of ions 
formed by the y rays apd to multiply this by the average energy 
necessary to farm an ion. 

A simple method of finding the total ionisation produced in air by 
any radiation which is absorbed exponentially was suggested by Eve*. 
Let n be the number of pairs of ions produced per c.c. per second by 

the radiatio^ at a distance r from the source, then the total ionisation 

N is given by 

N - f 4 t nhdr (1); 

, Jo 

but since' the radiation bt& been supposed to be absorbed according 

*to an Exponential law 

n=Ke-»lr\ 

Vnere Ada a constant. Hence 


N = 4 irKln 

* Evfe, Phil. M<fl. 22/-651, 1911; 27, 394, 1814. 


( 2 )- 
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The total ionisation can therefore be calculated sCt once when we 
know the absorption coefficient of th» radiation and the value of n at 
any one distance. Equation (2) was used by Eve to determine both 
the total ionisation due to the /3 rays and that due to the y rays 
from radium (B C). The measurement of ft -was made by finding 
the ionisation in a thin-walled ionisation chamber placed at a known 
distance from a source of radium. 

Similar experiments to determine the total ionisation due to the 
rays and y rays of radium B and radium C were carried out by 
Moseley and Robinson*. Realising that the /? radiation is not 

absorbed according to an accurate exponential law they used the 
exact equation (1 ) ; that is they made a number of observations of n at 
different distances from the source up to 3 metres and found the area 

of the experimental curve relating nr 2 and r. The remainder of the 
ionisation, amounting to 14 per cent., was calculated by extrapola- 
tion. The ionisation due to the y rays in this region was small and was 

corrected for. In order to determine the total ionisation due to the 
y rays, Moseley and Robftison were forced to assume an exponential 
absorption, and, selecting the value of the ionisation measured at 

3 metres as being the most reliable and adopting a value of /i found by 

Ohadwickf, inserted these values in equation (2). The result obtained 
was 1*22 x 10 15 pairs of ions per second per gram. This result is 

almost certainly too low since the appropriate absorption coefficient 
in this casv is clearly cr Q , the scattering absorption coefficient. Chad- 
wick’s value 0-000059 cm. -1 is probably intermediate between o a and 

o a + a v and it would be better to take fi = o a = 0-000032 cm." 1 , leading 
to N - 2-25 x 10 15 . However, little weight can be placed on this value 
since there are many disturbing factors in a measurement of this 

kind. For instance, the values of K (see equation (2)) found by Eve 

and by Moseley and Robinson do not agree, and both measure- 
ments were clearly influenced by scattering from the walls of 

the room, and from parts of the apparatus. The |5 particles, 

giving the ionisation which is measured, oome from a distance of 
several metres, originating in the air between the soufee and 

ionisation vessel, and their amount can be considerably influenced 

by surrounding objects. A serious objection also is that it capCnot be 
valid to assume an exponential law of absorption. The ionisation due 

to tb source of monochromatic y rays placed in a homogeneous medium 

* Moseley and Robinson, Phil. Mag. 28, 327,1914. 
f Chadwick, Proc. Phys . Sot. Lon4$n t 24, 152, 1912. 
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wSl onfy fall off according to an exponential law att$r the degraded 
» jMbdiation has built up to the equilibrium value (§ 112, p. 491). The 
ohly reliable method of determining the total ionisation' is to follow 
the method used by Moseley and Itobinsdn for the £ ray* ionisation, 
that is to measure the value of wr a at a sufficient number of different 
distances to enable the curve to be integrated. This is clearly not 
possible in air, where it would be necessary to take measurements at 
hundreds of metres away from the source. An ingenious method of 
overcoming these difficulties has been used by L. H. Gray*. He has 
shown on theoretical grounds that the energy lost per unit volume in 

a homogeneous medium completely surrounding the source is 1/p 
times the energy lost per unit volume in an air cavity situated at the 
same spot, where p is the ratio of the distances, short compared with 

the range, in air and in the medium in which the ejected ft particle 
loses the same amount of energy. He has shown further that the 
quantity p should her independent of the velocity of the p particle and 

approximately equal to the ratio of the densities of the medium and 
air/- Knowing the energy required to produ<& a pair of ions in air, it is 
thus possible to deduce the energy lost per c.c. in a material such as 

aluminium from measurements of the ionisation in a small air cavity. 
The source, a radon tube, was placed at the centre of a large block 
of aluminium and by taking measurements up to a distance of 

40 cm. from the source almost the complete curve of nr 2 against r 
was obtained. Preliminary experiments, using, on practical grounds, 
dense bricks to replace the greater portion qf the aluminium, gave 

the result of N = 2-2 x 10 15 pairs of ions per gram per second. The 

measurements using a large homogeneous mass of aluminium have 
not yet been completed, but they indicate the slightly lower value of 

N = 2-13 x 10 15 pairs of ions per gm. Ra per see. 

Before the total energy of the y rays can be obtained from this 
result it is necessary to know the average enevgy expended by a 

jS particle in forming each pair of ions! No measurements of this 

quantity have been made with /? rays as the experimental difficulties 
are great, but since the general evidence suggests that for high-speed 

electrons the energy lost in forming a pair of ions is constant, we can 

use the result obtained with artificial electron beams, or with electrons 
generated by X rays. The experimental information on this point is 

contradictory, although a great number of investigations have.been 
made. Some of the results of these investigations are given in thef 
♦ L. H. Gray, unpublished. 
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table. In the experiments of Eisl the energy of the electrons Was 
varied between 10,000 and 60,000 volts and the average energy 
expended in fortning an ion pair was found to be constant in this 
region. Ha estimates his* error to be not more than ±0*5 volt. 
Although this value is lower than all the previous measurements 
except Buchmann’s, it appears to be the most reliable. 


Author 

Volts/ion pair 

Kuhlenkampf 1 

35 

Crowther 2 

42-5 

Lehmann and Osgood 3 

45 

Buchmann 4 

31 

Schmitz 6 

42 

Eisl® 

32-2 


1 Kuhlenkampf, Ann. d. Physik, 79, 97, 1926. 

2 Crowther, Phil. Mag. 6, 401, 1928. 

3 Jiohmann and Osgood. Proc. Hoy. Soc. A, 116, 608, 1927. 

4 Buchmann, Ann d. Physik , 87, 509, 1928. 

6 Schmitz, Phys. fait. 29, 846, 1928. 

* Eisl, Ann. d. Physik, 3, 379, 1929. 

We shall therefore assume that the average loss of energy in forming 

a pair of ions is 32-2 ± 0*5 volts. It is of interest to recall (§ 17) that 

an upper limit to the average energy required to form a pair of ions 
by a particles and by the 5 particles they eject is about 35 volts. 

The energy emitted in the form of y rays by the radium B and 
radium C in equilibrium with 1 gram of radium is then 9-4 cals, per 
hour. It is convenient to express this in terms of the mean y ray 

energy emitted during the disintegration of one atom of radium B and 

one atom of radium C. This value k 1-86 million volts. 


§113 a. The relative y ray energies emitted by different bodies. 

It is important to consider how this energy emission of 9-4 cals, per 

gram per hour is to be divided between radium B and radium C. One 
of the simplest methods of determining this ratio is to measure with an 

electroscope the fraction of the ionisation due to each body. Since the 

y rays of radium B are much more easily absorbed than those of 
radium C, it is sufficient to take measurements through increasing 

thicknesses of lead. After a certain thickness practically only the 

y r*ys of radium C will reach the electroscope, and it is found that from 
# this point they are absorbed according to & simple exponential law. 

The ionisation due to this radiation is then extrapolated back to eero 

thickness and subtracted from the total effect to give the ionisation 


32-2 
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4 ue to the y rays *of radium B. To deduce the relative energies 
from the ionisations requires a knowledge of the relative ionisation 
functions of the electroscope. Chalmers* has paid special attention 
to this point and has attempted to calculate the ionisation functions 
for the aluminium electroscope he used. The ratio of thfc ionisations 
of radium B to radium C was found experimentally to be 0-137, from 
which he calculated the ratio of energies to be 0-10. If the ionisation 
function were taken as proportional to the scattering absorption 
coefficient (see p. 467), the ratio of the energies would be 0-12. 

Moseley and Robinson^ in their measurement of the number of 

ions formed by the y rays of radium B and radium C attempted to 
separate the effects of the two bodies on the basis of Rutherford and 
Richardson’s J absorption curves. They concluded that the ratio of 

the energies was 0*075. Skobelzyn has deduced a value 0*15 from his 

measurements of the relative intensities of the y rays after passage 
through 3-5 mm. of lead. This is likely to be too high since he appears 

to have over-estimated the absorption of the radium B y rays. It is 

difficult to be certain what is the best value, but it is probably not 
far from 0T2. 

Radium B and radium C are the only bodies for which the energy 
of the y rays has been investigated at all systematically, but rough 
estimates of the y ray energy emitted by mesothorium 2, thorium B 

and thorium C" can be made in the following way from ionisation 
measurements. McCoy and Henderson §, and McCoy and Cartledge|| 
showed that the y ray effects of the mesothorium 2 and thorium 

(B +‘C) in equilibrium with 1 gram of thorium were respectively 

equivalent to that of 0-52 x 10- 7 gm. and 0-956 x 10" 7 gm. of radium. 
The y ray comparisons were made with a simple brass electroscope 

through 2 mm. of lead, and should provide a fair basis for estimating 

the relative energies from radium C, mesothorium 2, and thorium C", 
since the y rays from these three bodies do not differ greatly in 

penetrating power. It follows from these figures that per atom 

disintegrating mesothorium 2 emits 0-42 and thorium C* 2-2 times 

the energy emitted by radium (B + C). In making this calculation 

it must IferememW that inly 35 per cent, of the atoms follow 

the thorium d* branch. An independent estimate of the energy tof 
* Chalmers, Phil. Mag . 6, 745, 1928. 

f Moseley and Robinson, Phil Mag, 28, 327, 1914. 

t Rftherford a*8 Richardson, Phil. Mag. 25, 722, 1913. 

§ McCoy and Henderson, Am. Chem. Soc . J . 40, 1316, 1918. 

|| McCoy and Gartledge, Am. Chem. Soc. J. 41, 50, 1919. 
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the thorium C" y jrays m*ay be made from some measurements of 
Shenstone and Schlundt* who compared the number of a particles 
emitted by sources of thorium C and radium C of equal y ray activity. 
It appears that for equal y ray activity measured through 6 mm. of lead 
the number Of a rays of range 8*6 cm. emitted by thorium C is approxi- 
mately 0*77 the number of « rays of range 7 cm. emitted by radium C. 
Remembering that the y rays come from thorium C' r , of which 35 
atoms disintegrate for every 65 atoms of thorium C' which emits the 
8-6 cm. a particles, we find that a thorium 0" atom on the average 
has 2-4 times the y ray activity of a radium C atom. This agrees well 

with the previous estimate. Gurney | in the course of similar measure- 
ments with thorium (B -f C) sources found that the y rays of thorium 
B were responsible for 25 percent, of the initial ionisation. Since the 

y rays of thorium B are of much longer wave-length than those of 

thorium C", it is difficult to estimate the correction for the ionisation 
function. We may take as a provisional estimate that the energy 

of the y ray emission from thorium B is less than one-twentieth of 
that from thorium C*. * 

The results of the measurements and estimates described in this 

section are shown in the following table. 


y ray energy emitted by different bodies 


— 

Body 

Relative energy 

Energy per atom 
in volts x 10~ 6 

Ra (B + C) 

l 

186 

RaB 

on 

0-20 

RaC 

090 

1 66 

MsTh 2 

0-42 

0-78 

ThC' 

2-3 

4-3 


It is a matter o£ great interest that thorium C" emits so much 

y ray energy per disintegration, The highest frequency y say that- has 

been identified in the emission of thorium C* is 2-05 x 10 8 volts. In 

* rder to account for the emission of 4*3 million volts it would be 

necessary for each disintegrating atop to emit. almost the whole 

spectrum of y rays shown on p. 371. Another possibility is that 

there are other y rays of still higher frequency which account for 

thf |3 rays of very high energy discussed in § 87. However, it is then 

* Shenatone and Schlundt, Phil. Mag. 43, 1039, 19b. 
f Gurney, Proc. Roy. Soc. A, 112, 380, 1^926. 
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difficult to understand why Radium C emits relatively so little y ray 
energy, since it appears to emit about the same number of abnormally 
fast /? rays a£ thorium C'. 


§ 114. The number of y r^y quanta emitted by radium B and 
radium C. Kovarik* has attempted to determine this quantity 
by measuring, in effect, the number of electrons ejected from a thin 
sheet of metal and dividing it by the absorption coefficient of the 
y rays in the metal. A Geiger counter with a complete metal front 
was set up about 3 metres from a radium source of 1*3 mg. The effect 
in the counter was due partly to electrons ejected from the metal 
front and partly from the walls. The effect from the front alone was 
found by carrying out experiments with no front on the counter. 
If d represents the thickness of the metal front of the counter and dx 
a thin layer distant x from the incident side, then the number of 
electrons liberated in dx will be 

4 * 

Nfi^^dx ( 1 ), 


where N is the number of quanta incident on the plate and ^ is 
their absorption coefficient in the material of the plate. The number 
of thesa electrons which reach the counter wasjprut equal to 

jtyf^e~h x e-»t ld ~ x) dx ( 2 ), 

thereby assuming that all the liberated electrons were initially thrown 
forward, and that they were reduced in number according to an ex- 
ponential law of absorption. The first assumption is certainly true for 
the recoil electrons, and a fair approximation for the photo-electrons. 
Thfe second assumption however appears doubtful in the light of Eddy’s 
work (see p. 416). However, integrating this last expression it is seen 


that 


N = n 


Mi 


— 


e'M’ 


where n is the number of electrons reaching the counter from the 
front of thickness d. The measurement consisted in the determination 
of the quantities w, ^ and The number of counts n for a given 
thickness^ d was investigated carefully, effects due to scattered 
radiation, electrons from the walls of the counter, and natural 
discharge of the counter being corrected for. It appears likely 
however that Kovarik’s value will be an under-estimate, since in the 
first place the,oougter does not respond to all of the faster electrons,® 


* * Kovarik, Pkys. Rev. 28, 659, 1924. 
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and further the “no front” correction will have been too large owing 
to the entry of electrons generated in the air, which could not enter 
when the front was on. Consideration will show that for ^ the 
absorption coefficient of the y rays, the total absorption coefficient 
r+ cr a + <j b is required. This was found by keeping the same front 
on the counter, but placing absorbers of the same material at a 
distance of 90 cm. from the source. As in all measurements of 
absorption coefficients, it was necessary to determine the zero effect. 
This was done by placing lead plates 12 cm. square and aggregating 
19 cm. in thickness in place of the absorber. It seems possible that 
this may have introduced some error by shielding off too much of the 
air in between the lead plates and the counter, which during the 
actual absorption measurements would scatter the radiation. The 
absorption coefficient of the j3 rays, was found from the above 
expressions by finding how the count n depended on the thickhess 
of the front. The results for the number of y ray quanta emitted per 
second by 1 gram of radium in equilibrium with its products of short 
life is shown in the nextlable. 


Metal used as 
front of counter 

y ray quanti emitted per second 

„ I 

II 

Pb 

7-33 x 10*° 

5-56 x 10 10 

Pt 

6-07 

1 5-82 

Sn 

7-29 

5-78 

Cu 

7-60 

5-04 

A1 

718 

5*58 

Mean values 

7-20 

5-56 


Column i shows the results for the total y rays when there was 
only 1 mm. of glass round the radium, column n when there was in 
addition a tube of brass which absorbed about 2 per cent, of the 
rays and a filter of lead f*55 cm. thick. Approximately therefore 
column i shows the number of quanta from radium B and radium C, 
and column n the number of quanta from radiimi C alone. 

Considering the difficulty of the measurement, the agreement 
between the values with different metals is excellent, and would 
appear to lend strong support to the assumptions that have been 
ir ade. In spite of this agreement there are, as we have already 
* mentioned, serious grounds for doubting the absolute accuracy of 
these figures. It would appear likely that the above values are too 
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small. This determination of the total number of y ray quanta 
emitted is of fundamental importance and it is unfortunate that the 
measurement is beset with so many difficulties. 

§115. The intensities of the y rays. An important series of ex- 
periments has been carried out on this subject by Skobelzyn* using 
the y rays of radium (B -f* C). A narrow pencil of y rays was allowed 
to pass horizontally through an expansion apparatus, and a magnetic 
field was applied perpendicularly to the plane of the chamber. The 
tracks of the recoil electrons ejected by the y rays were thus curved 
and a measurement of the curvature enabled the velocity of each 
recoil electron to be ascertained. It follows by applying the energy and 
momentum equations to the scattering process that the energy of 
an electron ejected at an angle <f> to the y ray beam is given by 

E e = h'’Y+ 2a + (l + «)* tail 2 4> 

where as usual hv/m 0 c 2 . 

If therefore in addition to observing the energy of the recoil 
electron the angle at which it is ejected is also measured, it is possible 
to calculate the frequency of the y ray responsible for the scattering 
process. The number of tracks associated with each particular y ray 
will thus give its relative intensity multiplied by a function involving 
the scattering absorption coefficient. The method is analogous to that 
of investigating the y rays by the photo-electric effect, and, while as 
we shall see the sharpness of resolution of the different y rays is far 
less, it possesses the great advantage that the correction function of 
the scattering absorption coefficient is practically independent of the 
frequency. It is especially applicable to high frequency y rays where 

the photo-electric method is difficult to use. 

Only recoil tracks making an angle of less than 20° with the direc- 
tion of the y ray beam were considered, and from £ho measured lip of 

each track starting at an angle ^ to the 7 ray beam Skobelzyn first 

calculated, in effect by equation (1), the tip max value it would have 
had if it had started at angle <f> = 0. The quantity Up max is in the 

region considered practically a linear function of the frequency of 
the y ray. A statistical study was then marie of the frequency of 
occurrence of tracts of different Hp ma *, and the results are shown in 

the next table. Column i shows the Hp intervals that were chosen 

* Skobelzyn, Phys. 43, 354, 1927; 58, 595, 1929. These measurement* are* 

shown hy a diagram in the paper. We are indebted to Dr Skobelzyn for permission 
to give the actual values. 
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and column n the numbers of tracks found t 9 correspond to each 
interval. The y rays in these experiments were filtered through 3-5 mm. 
of lead and 2 mm. of glass. 


Col. Ill 

Col. IV 

hv of y ray in 

H PmdkX 

volts x 10~ 5 

2-43 

1223 

2-97 

1446 

3-54 

1672 

612 

2638 

7-70 

3203 

9-41 

3801 

11-30 

- 4457 

12-48 

4864 

13-89 

5349 

14-26 

5473 

17-78 

6669 

2219 

! 

8144 


Col. I 


Col. II 


H Pn 


925 

1230 

1330 

1440 

1558 

1685 

1820 

1969 

2128 

2300 

2488 

2690 

2909 

3145 

.‘{400 

36t6 

3876 

4033 

4202 

4377 

4560 


No. of 
tracks 


9 

10 

5 
14 
14 
16 

6 

9 

14 

23 

35 

19 

16 

14 

10 

14 

11 

5 

6 
17 
10 


Col. I 


Col. II 


Hpn 


4750 

4950 

5279 

5500 

5731 

5970 

6220 

6480 

6750 

7034 

7328 

7635 

7954 

8300 

8634 

8995 

9371 

9763 

10170 

10590 

10900 


No. of 
tracks 


14 

7 
24 
20 

4 
11 
13 
30 
10 

5 

8 

6 
9 
1 
6 
1 
5 
0 
O 
2 


We have already mentioned that the Klein-Nishina scattering 
formula, which appears to agree well with the facts (ch. xv), shows 

that the number of electrons ejected within 20° of the y ray beam 
is practically independent of the frequency. We may therefore take 
the figures in column n to represent the relative number of quanta 

of the y rays capable of giving recoil electrons within the limits shown 
in column I. Columns hi and iv contain respectively the hv of the 

main known y rays of radium B and radium C with the calculated 

#pmax of the electrons they could eject. In effecting a comparison it 
must be noticed that owing to the inevitable errors in measuring the 
ffp’s of the recoil electrons the tracks due to a homogeneous y ray 
will be spread over a range of about ± 5 per cent. Although the 
total emission consists largely, if not entirely, of homogeneous y rays, 

it will be seen that the correct way to present these results is to give 
a normal distribution curve against Hp mtkX . If this is done, a series 
of peaks are found which agree remarkably well in* position with the 
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y rays of columns m and iv. In fact taking into account that there 
are certainly many weaker monochromatic y rays, which will be 
detected with equal efficiency by this method, we see that it is 
probable that the entire y ray emission consists only of the mono- 
chromatic y rays responsible for the natural ft ray spectrum. The 
possibility must not be lost sight of, however, that there may be a 
certain amount of y ray energy emitted in the form of a continuous 
spectrum. A point of great interest is that tracks of recoil electrons 
were found with Hp as great as 10,000. This indicates the emission 
of y rays from radium C of about 3 million volts energy, that is of 
higher frequency than have yet been detected by any other method. 

Another method of investigating the intensities of the y rays has 
been employed by Ellis and Aston*. They utilised the photo-electric 
effect, and while only the intensities of the stronger y rays were 
measurable the resolution of the method was sufficiently high to 
enable their effect to be separated both from that of the weaker y rays 
and of any continuous spectrum. 

A small platinum tube was filled with radon, and the magnetic 
spectrum of the electrons ejected from the platinum by the y rays of 
radium B and radium C was recorded photographically with the 
usual semicircular focussing apparatus. The electronic groups due to 
the photo-electric effect of the different y rays appeared as broadened 
-lines superimposed on a general background as can be seen from 
Fig. ^6 of Plate XI. By a photometric study of the density of the 
photographic plates it was possible to determine the relative intensities 
of the different lines. 

It is clear that the intensity of the ft ray groups will depend jointly 
on the intensity 1 of the y ray (measured in relative number of 
quanta emitted) and on the value of the photo-electric absorption 
coefficient r for that frequency. The calculation of this quantity It 
from the experimental results is greatly complicated by the straggling 
of the electrons from the lower layers of the platinum tube and by the 
non-isotropic emission of the photo-electrons. However, it was shown 
that a detailed study of the form of the photometer curves for the 
different groups enabled certain simplifying assumptions to be made 
and that to a good approximation the quantity It was proportional 
to thqrpeak intensity of the line divided by Hpfi*. Column n of the 
neatt table shows the relative values of It for such y rays of radium B 
and radium C as were detectable by this method. Column in 
* Ellis and Aston, unpublished. 
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contains relative values, of the photo-electric absorption coefficient r 
obtained in a manner to be described, and hence by division it is 
possible to obtain the intensities shown in column iv. 


Col. I 

Col. II 

Col. Ill 

Col. IV 

hv of y ray 

It 

T 

1 

in volts x 10~ 5 

Relative values 

Relative values 

Relative values 



Radium B 


2-43 

67 

9-00 

7-4 

2-97 

89 

5-35 

16-7 

3-54 

100 

3-45 

29-0 



Radium C 


612 

40 

0-940 

42-5 

7-73 

2-4 

0-568 

4-2 

9-41 

1-6 

0-370 

4-3 

11?30 

3-4 

0-256 

13-3 

12-48 

0-85 

0-210 

4-0 

13-90 

0-70 

0-170 

4-1 

14-26 

— 

— 

— 

17-78 

• 1-8 

0-108 

16-7 

22-19 

0-35 

0-073 

4-8 


There is no direct experimental evidence about the variation of the 
photo-electric absorption coefficient with wave-iength in the region 
under consideration. It seems clear that an extrapolation of the 
X ray result*, r oc A 2 ’ 92 , to these y ray frequencies is not justifiable. 
It was pointed out in § 109 that it was impossible with this formula to 
account for the difference between the absorption coefficients of y rays 
in lead and aluminium. An empirical rule such as 

log 10 r - cons, -f a log 10 A + b (log 10 A) 2 

can be made to have the same slope and absolute value as that given 
by X ray measurements at some chosen wave-length such as 100 X U, 
and leaves one constant to be adjusted to give the best fit with the 
y ray absorption results. *A more elaborate empirical formula than 
this is not justified by the present state of our data. Working on this 
basis L. H. Grayt has concluded that the values a = 1*0, b — 0-480, 
where A is measured in X U, lead to fair agreement with the experi- 
mental results on the absorption of y rays. The relative values of 
r used in column hi of the last table were obtained in this way. 

It will be noticed that no entry is made against the y ray, of energy 
# 14*26 x 10 5 volts. In the natural /? ray spectrum of radium C there 
* S. J. Allen, Phys, Rev. 27, 266, 1926. t L - Gra y» unpublished. 
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are prominent lines whose energies correspond to the conversion of 
such a y ray in the K , L and M states. Thibaud* was the first to 
observe, however, that no evidence could be obtained by the excited 
spectrum method that y radiation of this frequency was actually 
emitted. Ellis and Aston paid special attention to this point and 
confirmed Thibaud’e conclusion. It appears that if this y ray is 
emitted its intensity is less than 2, but it is very difficult in this case 
to understand why the natural ray lines are so prominent. We can, 
however, with certainty infer the existence of a nuclear quantum 
switch of energy 14*26 x 10 5 volts, and we must assume there is some 
peculiarity of the levels involved, which, in distinction from the 
normal case, renders the emission of radiation extremely improbable 
or impossible, while the transference of the energy to the extra 
nuclear electrons is not so affected (see § 116). 

§ 110. We have so far discussed only the relative intensities of the 
y rays, but since the y rays are emitted at the moment of disintegra- 
tion it is clearly possible to define the absolute intensity of the y ray 
as the probability that a quantum will be emitted at any specified 
disintegration. It is helpful however to go further, and following the 
method of Ellis and Woosterf, to define as p r the probability that at 
any specified disintegration a quantum switch will occur which is 
associated with the liberation of eriergy hv r . In a certain fraction of 
the cases a r this results in the ejection of electrons from the K f L> M 
levels by “internal conversion,” in the remainder a y ray is emitted. 

The intensities we have been considering in the previous paragraph 
have thus been the relative values of p r (1 — a r ). The total energy 
emitted on the average per disintegration from the atom in the form 

of monochromatic y rays is thus 

2 p r hv r (1 - a r ). 

1 

In § 113 we saw that on the average the combined energy 

emitted by one disintegration of radium B and one of radium C was 

1-86 x 10® volts. We may put this equal to the above expression if the 
summation is extended over all the y rays of radium B and radium C. 

Utilising the relative values of the intensities shown on p. 507, we 
obtain the following table of absolute intensities. These values are 
upp6r limits since the figure for the total energy will include the ( 
* Thibaud, Tklse, Paris, 1925. 

t Ellis and Wooster, Proc. Camb, Phil. Soc . 23, 717, 1927. 
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weaker y rays, and the continuous spectrum if there is any, while the 
summation can only be extended over the y rays which are sufficiently 
strong to be measured separately. 

Absolute intensities of the main y rays of radium B and radium C 


hv of y ray in 
volts x 10"" 5 

P (1 - a r) 

Average number of quanta 
emitted per disintegration 

Radii 

lm B 

2-43 

0115 

2-97 

0-258 

3-54 

0-450 

Radium C 

612 

0-658 

7 73 

0 065 

9-41 

0 067 

11-30 

0-206 

12-48 

0063 

13 89 

0-064 

14 26 

— 

17-78 

0-258 

22-19 * 

1 

0-074 


§117. Internal conversion of the y rays. Even before the exact 
origin of the y ray spectra was understood, it 'V r as realised that the 
electrons forming the homogeneous groups must have originated in 
the disintegrating atoms, and later it appeared possible to interpret 
this phenomenon as an internal absorption of the y ray. It \yas 
considered that the nucleus was left in an excited state after the 

emission of the disintegration particle, and the y ray, which y as sub- 

sequently emitted, sometimes cleaned from the atom, but sometimes 
was absorbed in one of the electronic levels in a manner analogous to 

that occurring in the normal photo-electric effect. 

While this view sufficed for a description of the phenomenon, it was 
pointed out 5,1 that* there was no real justification for assuming the 

existence of the y ray in the case of those disintegrations which re- 

suited only in the emission of a photo-electron. It was maintained 
that it was more correct to state that the atom as a whole had two 

possibilities of getting rid of its excess energy; either by emitting a 

quantum of radiation, or by ejecting a high speed electron. Before 
discussing these two alternative standpoints, a short review will be 

given of the experimental evidence. 

* Smekal, Zeit. f. Phys. 10, 275, 1922; Ann. d. Phys. 81, 399, 1926; Rosseland, 
Zeit.f.Phya. 14, 173, 1923. 
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It is convenient first to define a coefficient ol internal conversion 
as follows : 

Let p r be tlie probability of occurrence of a quantum switch of 
amount hv r , then if the probability of the internal conversion of the 
energy in the K, L or ... electronic state of the atom be K a ri L a ri etc., 
the number of the photo-electrons of energy hv — if ab 8 , hv — L ab 8 , 
etc., per disintegration will«be p rK a r> p rL a r) etc., and the number of 
quanta of radiation emitted from the ktom will be 

Pr [1 - (z«r + f,a r +...)] = Pr (1 - «r)> 
where a r = K a r -f L k r -f ... . 

The first estimation of the magnitude of the internal conversion 
coefficient K a in the K level \yas made by Ellis and Skinner*, who 
concluded that it must be at least as great as 0- 1 for the main y raya 
of radium B (3-0x 10 5 volts). Gumeyf, by means of the apparatus 
described on p. 391, was able to measure the number of electrons con- 
tributed to the main groups of the radium B ray spectra from each 
disintegrating atom, that is he was able to find T.p rK a r for the corre- 
sponding y rays. Making the plausible assumption that Ep r for these 
y rays was approximately 1, he concluded that the average value of 

was equal to about 012. Similar considerations lor the main y ray 
of thorium B led to a value at least as great as 0-25{. Since this latter 
y ray was of considerably lower frequency than those of radium B, 
it appeared likely that K a decreased with decreasing wave-length. 

Estimates have also been made of the value of the coefficient for 
internal conversion in the L level. Gray and O’Leary § investigated 
the case of radium D, \frhlch emits only one ray of energy 0*472 x 10 5 

volts. This is of too low a frequency to eject electrons from the K 
level but gives fetrong electronic groups from the L , M> N, ... levete. 
Using a source of radium D in equilibrium with radium E, they 

measured the relative ionisation produced in an electroscope by the 

f} particles of radium E, the y ray in question, and the characteristic 
L radiation of radium D excited by the internal conversion of the 

y ray. The fast /3 rays of radium E were easily distinguished from the 
slow rays of radium D and were a measure of the number of 
disintegrating atoms. From these measurements they were able to 

* Ellis and Skinner, Proc. Roy. Soc. A, 105, 185, 1924. 
t Gurney, Proc. Roy. Soc. A, 109. 540, 1925. 
x Gurney, Proc. Roy. Soc. A, 112, 380, 1926. 

} Gray and O’Leary, Nature , 128, 568, 1929. 
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deduce the total energy emitted in these three different forms, and, 
knowing the average energy of each type, were able to calculate the 
relative frequency of occurrence of each process. J hey found that out 
of 43 disintegrations of radium D* eleven atoms emitted a quantum 
of L radiation, and five a quantum of the y ray. 

Hence p [1 — (^a -f ^ + N a = 5/43, 

^ (1 ~ ~ H/43, 

where a x is the internal conversion coefficient of the L X radiation in 
the M, N, ... levels. Further, they assumed from inspection of the 
ray spectrum that 

M a -r N a = 0-7 L a. 

The value of L a is insensitive to the particular value chosen for a Xf 
and we find L a ~ 0*5. 

The value of the corresponding coefficient for the much higher 
frequency y rays of radium B (about 3 x 10 5 volts) may be estimated 
as about one-fifth of the coefficient for conversion in the K level, that 
is about 0*02. This follows from the fact that the intensity of the 
photo-electric groups due to conversion in the L level (p ri cO is about 
one-fifth of those due to conversion in the K level (p rJE %). 

These results considered as a whole gave the order of magnitude 
of the effect and suggested that the coefficient of internal conversion 
in both the K and L levels decreased with increasing frequency. On 
this evidence Ellis and Wooster* assumed a simple power law for the 
dependence of a on the frequency, and made use of the intensities of 
the j8 ray lines (p fK a r ) to determine the relative intensities p r of the 
y rays. A similar attempt was made later by Stonerf, with a view to 
utilising the intensities of the y rays to explain absorption experi- 
ments. Later measurements of Ellis and AstonJ have, however, 

shown that the assumption that the internal conversion coefficient 

varies smoothly with the frequency is not correct. These experi- 
ments consisted in comparing the intensity of the electronic 

group due to internal conversion of a y ray wdth that due to 
normal photo-electric conversion of the same y ray in platiipim. 

Figs. 4 and 5 of Plate XI show these two types of spectrq. The 
intensity of the former groups can be written p T . K a n and it was 
indicated in § 115 how it was possible to deduce p r (1 — c^) r from the 

* Ellis and Wooster, Proc. GawJt>, Phil . Soc. 23, 717, 1927. 
f Stoner, Phtt. Mag. 7, 841, 1929. 

% Ellis and Aston, Proc 4 Boy. Soc . A, 129, 180, 1930. 



612 INTERNAL >C6NV^RSI0N COEFFICIENTS 

latter groups. The relative intensities of the groups therefore give the 
values of • - * By photographing the spectra under comparable 

conditions, and knowing the relative number of disintegrations occur- 
ring in each experiment, it was possible to obtain approximately the 
absolute values of this quantity for several different y rays. The 
results are shown in colujnu n of the next table, and column in was 
1 obtained by multiplying the figures iti column n by the values of r 
used in § 115. While, the dependence of r on A is not known with 
certainty, it is sufficient to assume that r decreases smoothly with 
decreasing wave-length to show that the internal conversion coeffi- 
cient cannot vary smoothly with the frequency. 


Col. I 

Col. II 

Col. Ill 

hv of y ray in 

K« r 1 


volts x lO- 5 

d — a r T 

1 — a r 

* j 

Radium B 


243 

0-0405 

0-30 

, 2*97 

0-0348 

0 19 

3-54 

00340 

0-12 


Radium C 


612 

0*0065 

0-0061 

7*73 

0-0085 

00048 

9-41 

0-0164 

0-0061 

11*30 

0-0240 

00062 

' / 12*48 

0-0270 

0-0057 

13*89 „ 

0-0082 

0*0014 

14*26 , 

— 

— 

* 17*78 

0*0150 

0*0016 

22*19 

0-0174 

0*0013 


The quantity a r is equal to + L a r + ... and the relative values 

of the intensities of the natural ft ray lines due to the conversion of 

the pame y r%y in the K ) L 9 M states show that a r is approximately 
•fequal to 1-2 get, 4 We thus seq that the values for radium B accord with 

the earlier estimates, and appear to show a distinct decrease with in- 
creasing frequency. The values for radium C however are peculiar. 

The first five y rays appear to have a practically constant value of the 
internal conversion coefficient, and the coefficients for the remaining 
three y rays are also constant but are much smaller in absolute 
magnitude. * 

* We have already mentioned that the first attempt to interpret this v 
phenomenon was to consider the radiation to be emitted and subse- 




INTERNAL CONVERSION 


513 


qiiently re-absorbed in the same atom. A detailed calculation of this 
effect, according to the quantum mechanics, was made by Swirles* 
previous to the publication of the results just described. It was sup- 
posed that the y rays were emitted from a doublet, situated at the 
centre of the atom, and the perturbation of the electrons ih the K and L 
levels of a hydrogen-like atom was calculated. As was to be expected 
from a radiation hypothesis, the coefficier/t of internal conversion was 
found to decrease rapidly with decreasing wave-length. T*he ratio a L /a K 
came to be about 1/5 in agreement with experiment and although the 
calculated value of a K for radium B was only about 1/10 of that 
measured it yet seemed possible to attribute this to difficulties in 
approximating to the case of a heavy atom. It is clear, however, that 
the behaviour of the internal conversion coefficient shown in the last 
table indicates some type of coupling, other than radiative, between 
the nucleus and the outside electronic structure. An interesting 
application of this standpoint arises in connection with the y ray of 
14*26 x 10 5 volts of radium C. Thibaud was the first to remark that 
while ft ray groups were Observed to be emitted from radium C whose 
energies corresponded to internal conversion of such a y ray, no 
direct evidence could be obtained that radiation of this frequency 
wa« ever actually emitted. Ellis and Aston paid special attention to 
this point and confirmed Thibaud’s conclusion. We can infer that a 
quantum switch of this magnitude occurs in the nucleus, but that 
owing to some type of selection rule this transition can only take 
place during interaction with the outer electronic system. In the 

analogous case of the electronic system of the atom, where an atom 
ionised in the K ring is found to be capable of disposing of its surplus 
energy either by emitting radiation or by emitting a photo-electron, it 
is always assumed that the latter phenomenon Is the result of a direct 

interaction of the different electrons without the intermediary of any 
radiation. The measurements we have described would suggest a 

similar interpretation for the nucleus. This view was advocated on 

general grounds very early by Smekalj*, but it did not receive great 
support, since at that time the separation between tlia nucleus and 

the electronic system appeared to be complete. The new views about 

the nucleus, involving the possibility of penetration of particles 
through a potential barrier, remove this difficulty. It is quite possible 
for a particle to be kept in the nucleus by a potential barrier, even to 

* Swirles, Proc. Roy. Soc . A, 116, 491, 1927; 121, 447, 1928. 

f Smekal, loc. cit. 
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have negative energy and to be permanently stable in the nucleus, 
but yet for its effect to penetrate out a sufficient distance into the 
potential barrier for it to affect the K and L electrons. It is doubtless 
in some such sense that an explanation of this coupling of the nucleus 
and the electronic system will be reached. 

It is of interest to consider these results from another angle. If we 
consider an atom which i^ capable of making a nuclear quantum 
switch which liberates energy fiv, we can state that it has several 
alternative modes of emitting this energy, either as a quantum of 
radiation, or as electrons of energy hv~ K^ s , hv— L a bs> •••> the latter 
modes being associated with corresponding adjustments in the elec- 
tronic system to maintain the energy balance. The branching pro- 
babilities between these different modes are proportional to (1 — a r ), 
K a r , l a r) ... , etc. We can however go further and give the absolute 
probabilities that any of these modes will be followed at a given 
disintegration. In the notation we have used these are expressed by 
p r ( 1— a r ), p T . E a T ,p T . L a r , ... , etc. The values forp r (1— a r ), that is the 
average number of quanta emitted per disintegration, were given 
in the table in § 116, and it will be found that the corresponding 
absolute values for the average number of electrons per disintegration 
* which go to form each of the ft ray lines can be obtained from the 
relative intensities given on pp. 362 and 364 by multiplication by 
5*3 x 10~ 4 . Thus for example the ray line Hp 1938 of radium B, 
whose relative intensity is given as 100, arises by an average emission 
of 0*053 electron per disintegration. 

* 

% 118. Energy levels in the nucleus. It was pointed out by 
Ellis 1 * that there appeared to be certain simple additive relations 
between the frequences of* the y rays of radium B of the type 

v x -f Vf, = v 3 , and that the simplest interpretation of this fact was 
that the emission of the y rays was due to • transitions of the 

nucleus between various quantised enei^y states representable by 

a set of levels. 

Subsequently attempts were made to set up level systems for 
radium B, and radium C by Ellis and Skinnerf, and for mesothorium 
2, thorium B, and thorium C" by Black}. With all these bodies so 

* Ellis, Proc. Ray. Soc. A, 101, 1, 1922. * 

t Ellis and Skinner, Proc. Roy. Soc. A, 105, 185, 1924; Ellis, Proc . Camb . Ph&t&oc^ 
22, 369, 1924. - 

% Black, Proc. Ray . Soc. A, 109, 166, 1925. 
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many examples of additive relation between the frequencies were 
found that there is good reason to believe in the essential correctness 
of 'the central idea. It is unnecessary to emphasise that it is plausible 
on theoretical grounds. It is by no means so certain, however, that 
the actual level systems which have been proposed are the correct 
ones. In general the frequencies are not known to more than 1 part in 
200, and if a tolerance of this amount is allowed alternative solutions 
are possible. The additional principle which has been used by the 
above workers to distinguish between the different possibilities has 
been to use as few levels as possible to 
account for the y rays. While this is reasonable 
it is not necessarily a true guide. A far 
sounder basis is likely to be provided by a 
study of the intensities of the y rays. Since 
the possibility of the nucleus emitting y rays 
is due to the departure of the disintegration 
particle, it is clear that while y rays of several 
different frequencies ma^ be emitted by one 
nucleus, not more than one quanta of any 

one frequency can be emitted. An obvious 
extension of this view is to state that any nucleus can only make 
the transition through its level system once. In Fig. 136 A , B, 
C. D, E represent a level system and we will • assume for the 
purpose of the argument that y rays according to the transitions 
shown are emitted. Suppose, in the ordinary terminology, that 

level E is ionised, then we may Jiave a transition A—E, but in 

that case no other y ray will be emitted* or the transitions might 
be A — B y B — Gy C — E, and in this case it would be impossible, 
for example, to have from this particular nucleus the transition 
B—E 

»c 

If we denote by Lp the gum of the intensities of the y rays whose 

D 

transitions involve on the diagrams a passage over the region C — D 
[i.e. the y rays AD, AE } BD , BE, CD and CE] t then this “cross- 

sectional sum” can at no place of the level system be greater than 

unity, otherwise it would imply two excitations of the same nucleus. 




This is an exaot and valuable criterion w r hich might be used to dis- 
ti.^guish between different level systems which w r ere equally acceptable 

7? c 

on Energy grounds. Further, it will be seen that is a measure 


33-a 
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of the ntimber of nuclei which finally remain excited in the C level 
after the whole disintegration is over. Again, this might furnish a type 
of qualitative criterion, since on general physical grounds one would 
not expect a large fraction of the nuclei to remain excited in a level 
such as C if at the same time the total intensity of y rays emitted by 
transitions from C was at all large. 

Little progress has as yet been made in investigating y ray level 
systems by this method, but there seems every reason to hope that a 
solution along these lines is possible. 



CHAPTER XVII 

ATOMIC NUCLEI 


§ 119. In previous chapters we have discussed some of the properties 
of radioactive nuclei and the types of radiation which accompany 
their transformations. The instability of these nuclei ^as given us 
important information on their structure, but unfortunately such 
information is not available in the case of the ordinary non-radio- 
active elements. Apart from their instability, there is no reason to 
believe that the nuclei of the radioactive elements differ in any marked, 
way in their general type of structure from ordinary elements of high 
atomic weight. It is thus important to examine the properties of 
atomic nuclei in general to see whether we can obtain evidence to 
throw light on their structure and their connection with one another. 
In particular, it is of great interest to see whether any definite 
evidence can be obtained of the reasons why the property of radio- 
activity only manifests itself in any marked degree in the two 
elements of highest atomic weight, thorium and uranium, and their 
products of transformation. 

In chapter vn ah account has been given of the genesis of the 
nuclear theory of the atom ai>d the evidence in its .support. On this 
theory, the ordinary physical and chemical properties of the atom, 

excluding its mass, depend on the magnitude of the nuclear charge, 

for on this depends the number and distribution of the outer electrons. 

It has been shown that the nuclear charge of an atom can be measured 

directly, from -observations of the scattering of a particles, and the 

evidence obtained in this way suggested that the charge on a nucleus 

is equal to Ze, where Z is t^e atomic or ordinal number of the element 
when the elements are arranged in order of increasing atomic weight. 

T n his classical researches oh the X ray spectra of the elements, 

Moseley showed, that the properties of an element depend on a number 
which varies Jby unity in passing from one element to the next, and 

concluded that the nuclear charge, in terms of the fundamental unit e, 

is f^iven by tflie atofyitmumbpr of the element . The lightest element 
# hydrogen has a nuelear charge 1 and the heaviest element uranium 
92, and with few exceptions all the values of Z between these limits 
are represented by known elements. He showed that the atomic 
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number of an element was of more fundamental importance in 
defining its physical and chemical properties than its atomic weight, 
and that the well-known exceptions in the periodic classification of 
the elements were removed when atomic number was substituted for 
atomic weight. For example, the study of the X ray spectra of 
cobalt and nickel showed that the value of Z for cobalt was 27 and 
lower than that for nickel 28, although the atomic weight of cobalt, 
58-97, was Ingher than that for nickel, 58-68. Similarly the atomic 
number fouml for argon and potassium, tellurium and iodine, reversed 
the order found from the atomic weights and was in accord with 
their chemical properties. The results of Moseley showed that between 

hydrogen and uranium only 90 elements of different nuclear charge 
were possible and of these only Six were missing, of atomic numbers 43, 
61, 72, 75,85, 87. The method of X ray spectra gave a new and powerful 

method of attack for detecting the missing elements, even if present 
only in small quantity mixed with other elements. From measure- 
ments of the X ray spectrum of neighbouring elements, the wave- 
length of the main lines* of a missing element could be predicted with 
considerable certainty. The first success of this new method was the 
discovery of hafnium , of number 72, by Coster and Hevesy. This 
element, of atomic weight 178*6, has chemical properties allied to 
zirconium and is the first element after the rare earth group of 
’numbers 57 to 71. Later Noddack, Tacke and Berg found X ray 
evidence of the missing elements 43 and 75 in platinum minerals and 

suggested the names masurium and rhenium respectively. The element 

rhenium has been isolated in a pure state and its atomic weight found 

to be 188-7. While the evidence for the existence of masurium seems 

definite, the element has not yet been sufficiently concentrated tp 
• determine its atomic weight. Later Harris, Yntema and Hopkins 
found evidence of th^* missing element number 61 in the rare earths 

and named it illinium. Excluding numben 75, there are thus only two 

missing elements of atomic number 85 and 87. Even if these elements 
were initially present in the earth, they may have been radioactive and 

reduced to so minute a quantity to-day as to be difficult of detection 

by chemical or radioactive methods. 

§ 120. Isotopes. We have seen that if uranium is the element of 
highest atomic number existing in the earth, Moseley’s classification , 
permits of only 92 possible elements in the ordinary sense, of 
nuclear charge from 1 to 92. The discovery, however, that many' of 
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the ordinary elements consist of a number of isotopes, i.e. of atoms 
of the same nuclear charge but different atomic masses, shows that 
the number of species of atomic nuclei present in the earth is much 
greater than the number of elements and may amount to two hundred 
or more. 

In chapter i we have seen that the first discovery of isotopes 
resulted from an examination of the chemical properties of radio- 
active bodies. In many cases these isotopes can be obtained ill a 
pure state, although in very small amount and only detectable by 
the characteristic radiations emitted during their transformations. 
For example, radium B (214), thorium B (212), actinium B (211), 
and radium D (210) are radioactive isotopes of lead, while the 
end products of the three radioactive series, uranium lead (206), 
actinium lead (207), and thorium lead (208), are non-radioactive 

isotopes of lead. The nuclei of these isotopes, varying in mass from 
206 to 214, exhibit a wide range of stability as measured by their 
rate of transformation. The non-radioactive isotopes are either 
permanently stable or Rave a life exceedingly long compared with 
uranium. The average life of transformation of the radioactive isotope^ 
ranges between 25 years for radium D, and 38 minutes for radium B. 
It is thus clear that an identity of the nuclear charge may conceal 
marked differences of mass and constitution of the nucleus as revealed 
by their distinctive radioactive properties. 

The proof of the existence of such isotopes in the radioactive bodies 
led to experiments to test whether some of the ordinary elements 

may not also consist of a mixture of isotopes. The methods em- 

ployed have in general involved the production of charged atoms or 
compounds of the element under examination by the action of the 
electric discharge in a bulb at low pressure. The mass, or rather the 

ratio w/e, of the charged particles is determined by observations of 

their deflection by an electric and by a magnetic field. In the ingenious 
apparatus devised by Aston*, called the Mass Spectrograph, particles 

of the same charge and mass, even if differing individually in velocity, 

are brought to a»focus by their passage first through an electric field 
and then through a magnetic field disposed in a special manner. 

In this way, a line spectrum is obtained on a photographic plate, 
efioh line corresponding to particles of different m/e. In the first 
apparatus, the masses of the isotopes could be measured with an 

* Aston, Proe. Roy. Soe , . A, 115, 487, 1927; Phil Mag. 49, 1192, 1925; Isotopes, 
2nd edn., Arnold, London, 1924. 
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accuracy of 1 in 1000. In a second modified apparatus, still* greater 
resolving power was obtained and the masses of some of the isotopes 
could be determined With an accuracy of about 1 in, 10, 000, 

The masse* of the atoms or molecules are not directly measured 
but compared with the value found for the line due to oxygen which 
is assumed to have a mass *16. Oxygen was at first believed to be 
a simple element, and Ast6n* has given the evidence in favour of 
this assumption. He concluded that if an oxygen isotope of mass 18 
exists, it cannQt be present in quantity greater than 1/1000 of the 
main isotope. From an examination of the absorption bands of oxygen 

in the spectrum of the sun, Giauque and Johnston*)* showed that 
0= 18 must be present in the atmosphere and Babcock % estimated 
from the intensity of the bands that it is present in about 1/1250 of 
the amount of 0= 16. In a later communication Giauque and 

Johnston claim that definite evidence is also obtained of an isotope 
of oxygen of mass 17. It is of interest to ndte (§71) that Blackett 
deduced that an isotope erf oxygen of mass 1 7 should be formed when 

nitrdgen is disintegrated by a particles. It may be mentioned here 
that evidence of a similar character has been obtained to show also 

that carbon is not a simple element. According to King and Birge§ 

the Swan spectrum of neutral C 2 obtained in the vacuum furnace 
indicates that carbon has an isotope C — 13, and later Birge|| found 
additional evidence of this isotope In the absorption spectrum of CO 
and the emission spectrum of CN. No definite statement about the 

relative abundance of this isotope has yet been made, but it is 
probably very small. These results, if confirmed, are of great interest 

and indicate that the examination of band spectra affords in some 

cases a powerful means of detecting isotopes which* are present 
in very small relative proportions. It should, however, be pointed 

o,ut that the existence of an isotope in oxygen does not alter the 

relative masses of the nuclei found by Astop but* lowers the actual 

mass of oxygen and other nuclei by about 1 in 10,000, assuming 

the average atomic weight of the atom of ordinary oxygeh is taken 

as 16, a difference within the experimental error even of the latest 

measurements of Aston. 

* Aston, Nature , 123, 488, 1929. 
t Giauque and Johnston, Nature , 123, 318 and 831, 1929. 

% Babcock, Nature, , 1?3, 761, 1929; 124, 467, 1929. 

} King and Birge, Nature , 124, 127, 1929. 

|j ^Jirge, Nature, 124, 182, 1929. 
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It was found that some of the elements were simple but others 
consisted of a number of isotopes. The elements, 57 in number, so 
far examined and the masses of the isotopes in order of intensity are 
included in the following table. With the exception of a few measure- 
ments by Dempster, and the results for carbon and oxygen given 
above, the data have been obtained by Aston. * 

Apart from the determination of isotopic constitution of a large 
number of the elements, the most important result from the 
measurements is that the masses of the isotopes follow the “whole 

number rule,’.’ i.e. the atomic mass of an isotope in terms of 

0 = 16 is very nearly a whole number in all cases except hydrogen. 
This whole number is usually called the mass number of the element. 
While the rule is of great convenience in summarising the essential 
facts, it is only approximate, holding to an accuracy of about 

1 in 1000. Subsequent accurate measurements by Aston with 9. 
more sensitive apparatus -show that there are small but systematic 

departures from this rule over the whole range of the elements. It 
will be seen that these v^iations are of much importance in throwing 
light on the structure of nuclei. 

Since the masses of many of the isotopes differ very nearly by unity, 
it is natural to suppose that there exists a unit or mass entering into 
the constitution of nuclei which is very nearly 1, in terms of 0=16. 
This unit, which is called the “proton,” is to be identified with the 
nucleus of the lightest atom, hydrogen The mass of the hydrogen 
nucleus in tho free, state is 1*0072 and is thus greater than the average 

mass of the proton in the nucleus. This difference of mass is ascribed 

to the so-called “packing effect.” The electrons and protons making 

up a nucleus are so closely packed that their electric and magnetic 

fields closely interact. For these reasons, it is to be anticipated that 

the apparent mass of the proton and the electron in the nucleus should 

be less than in tile free state. This change of mass may also be 
regarded from another general point of view. It is believed that 

' lass and energy are closely related and that a decrease of. mass 8m 
in a system is to be ascribed to a loss of energy c 2 Sm, where c is the 
velocity of light. On this view, the change of mass of the protouis to 

be ascribed to an emission of energy during the process of construction 
of the nucleus. This important question of the energy changes in the 
§ biiilding up of nuclei will be discussed in more detail later. 

We have seen that radioactive evidence indicates that the nuclei 
of the radioactive atoms are in part composed of a partiples (helium 



Table of dements and isotopes 


Element 

* 

„ . -a 

Atomic 

number 

•Atomic 

weight 

JU. . , 

Minimum 
number of 
isotopes 

Mass numbers of isotopes 
in order of intensity 

if 

■* ■ t 

1 

1-0078 

1 

1 ■ 

fie" 

2 

4-0022 

1 

4 ' 4 

Li 

3 

6-94 

2 

7, 6 ' 

Be 

4 

9-02 

1 

9 

B 

5 

,10-83 

2 

11, 10 

C 

6 

12-003Q 

2 

12, 13 

N 

7 

14008 

l 

14- 

O 

8 

1600 

3 

16, 18, 17 

F 

9 

49-60 

1 

19 

Ne 

io. 

201§ 

3 

20, 22, 21 

Na 

11 

23-00 

l 

23 

Mg 

12 

24-30 

3 

24, 25, 26 

A 1 

■ 13 

20*97 

1 

27 

Si 

14 

28-08 

3 

28, 29, 30 

P 

15 

30-98 

l 

31 

, s 

10 

32 06 

3 

32, 33, 34 

'Cl 

17, 

35-40 

2 

35, 37 . 

A 

18 

39-94 

2 

40, 36 

K 

19 

39-10 

2 

39, 41 

' Ca 

20 

40-09 

2 

40, 44 

Sc 

21 

45-1 

1 

45 

Ti 

22 

47-9 

1 

48 

V 

23 

51-0 

1 

■ r >i 

52, 63, 60, 64 

Cr 

24 

52 0 

4 

Mn 

25 

34-95 

1 

55 

Fe 

26 

55-84 

o 

56, 54 

Co 

27 

58-95 

1 

59 

Ni 

- 28 

58-69 

2 

58, GO 

Cu 

29 

63-55 

2 

53, 65 

Zn 

30 

65-38 

6 

64, 66, 68, 67, 65, 70 

Ga 

31 

69-72 

2 

59, 71 

Ge 

32 

72-60 

8 

74, 72, 70, 73, 75, 76, 71, 77 

As 

33 

74 03 

1 

75 

Se 

34 

79-2 

6 

80, 78, 76, 82, 77, 74 

Br 

35 

79-92 

2 

79, 81 

Kr 

36 

82-9 

6 

84, 86, 82, 83, 80, 78 

Kb 

37 

f>.'> 43 

2 

85, 87 

Sr 

38 

87-63 

2 

88, 86 

Y 

’ 39 

88-9 

I 

89 

Zr 

40 

91-2 

3(4) 

90, 94, 92, (96) 

& 

47 

107-HS 

2 

107, 109 

48 

112-40 

6 

114, 112„110, 113, 111, 116 

In 

49 

114-8 

i 

115 

Sn 

50 

118-70 

ii 

* 120, 118, 116, 124,119,117, 

122, 121, 112, 114, 115 

*Sb 

51 

121-76 

2 

121, 123 

Te 

52 

127-5 

3 

128, 130, m 

I ' 

53 * 

126-93 

1 

127 

X 

54 

130-2 

9 

129, 132, 131, 134, 136, 128, 

130, 126, 124 

Cs 

55* 

132-81 

1 

133 

Ba 

56 

137-36 

? 

138 ‘ ' 

La 

57 

, 138-90 

1 

139 

Ce 

58 

140-2 

2 

140, 142 

Pr 

59 * 

140-9 

1 

141 

Nd 

60 

144-25 

3(4) 

142, 144, 146, (145) 

* 

80 

200-0 

7 

202, 200, 199, 198, 201, 204, 196 

82 

207-2 

3(4) 

206, 207, 208, (209) 

, Bi 

83 

.209-00 

1 

209 . * 

t . - . 
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nuclei) and electrons. Noexddence has been obtained of the ernissidh 
of protons ih the radioactive* transformations. On the other haM, 
it is known tha»t protons can be liberated from the nurflei of certain 
light atoms by* bombardment of matter with swift a particles. It 
seems clear that while the proton can exist as an individual unit in 
the structure of some of the lighter atoms, the a particle is to be 

regarded as an important secondary unit? in the building up of the 
heavier nuclei and probably of nuclei in general. The helium nucleus 
itself is believed to consist 6f a close combination of four protons 
and two electrons. 

Assuming that all nuclei are composed of two fundamental unitsi 
the electron and the proton, the number of electrons and protons m 
any nucleus can at once be determined. If M be the mass of the 

nucleus to the nearest integer and Z its nuclear charge or atomic 

number, the nucleus contains M protons and M — Z electrons. For 
example, radium of atomic number 88 and atomic weight 226 contains 

226 protons and 138 electrons. The ratio of the number of electrons 

to the number of protons in a nucleus is either 1/2 or greater than 1 / 2 
for all nuclei except that of hydrogen. The ratio tends to increase 

with increasing mass of the nucleus. It is very unlikely that the 

component electrons and protons can exist as separate and inde- 
pendent units in a complex nucleus. They no doubt tend to form 

aggregates like the a particles and other combinations of a simple 

type. Various suggestions of such combinations have been made 
from time to time, but in the absence of definite evidence they must 

be considered as hypothetical. In order to account for the observa- 

tion that in the radioactive bodies an a ray change is in a number 
of cases followed by two successive /? ray changes, Meitner suggested 
that a neutral a particle, consisting of a close combination of four 
protons and four electrons, has an independent existence in a radio- 

active nucleus. Tliis question is mentioned in § 78. Similarly the 
existence of a neutron, i.c. a close combination of a proton and 

lectron, has been suggested. From a consideration of the masses of 

the isotopes Harkins has proposed a building unit of three protons 

and tw<v electrons, i.e. of mass 3 and charge 1. 

On modem views, it appears difficult to account for the equilibrium 
of free electrons in a nucleus containing massive charged particles. 
It may be that the electrons in a nucleus are always bound to 
positively charged particles and thus ha^e no independent existence 
within the nucleus. Unfortunately, it is very difficult to obtain 
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convincing evidence pn any of these points, fqr we have little if any 
definite information on the internal structure of nuclei 'to guide us. 

Whfcn considering the table of isotopes (p. 522) it is significant that 
while odd-numbered elements in general have two isotopes differing 
in mass by two units, even-numbered elements may have a large 
number of isotopes. For example, *f or tin, atomic number 50', 11 iso- 
topes have been found ranging in atomic mass between 112 and 124 
with only 113 and 123 missing- Similarly xenon bas nine isotopes 
and germanium eight. It may be significant that isotopes only 
become numerous for atomic numbers greater than 20. 

- The existence of elements representing nearly all nuclear charges 

between 1 and 92 is a striking and unexpected fact indicating that, 
whatever the nuclear charge, stable nuclei can be formed between 
these limits. The remarkable stability of nuclei and particularly evon- 

nuihbered nuclei is even more emphasised by the existence of a whole 
series of isotopes over a considerable range of mass. The nucleus 
appears to survive the introduction of a certain -number of additional 

protons and electrons without any apparent loss of stability. While 
so far the observed differences of mass between the lightest and 
heaviest isotope of an element is limited in general to about 10 per 

cent, or less ; it is by no means certain that a more systematic search 
may not reveal the presence of additional isotopes existing in re- 
latively small amount over a still greater range of mass. 

Aston has observed a number of cases of isobaric atoms, i.e. atoms 
of the same mass but different atomic number# One of the most 
notable of these isobaric pairs is argon-calcium of mass 40, which 

consists of the main isotope of the constituent elements. A number 

of other such pairs have been found and no doubt mpre will be 
Revealed when the detection of weaker isotopes becomes feasible. In 

the elements germanium-selenium, three isobaric pairs are present 

of masses 74, 76, 77. The atomic numbers of the elements forming 
jthe pairs so far noted are even and differ by two units and the 

common mass number is in most cases even. 

Various rulesjiave been suggested to fix the masses of the elements. 
.One of the most interesting of these has been put forward by*A, S. 
Russell* He has pointed out that there is a close relation between 

the isotopes of the radioactive elements and those of the inactive 
elements, and it is possible on certain assumptions to deduce the 

* A. S. Russell, Al. Mag. 47, 1121, 192* j 46 , 305, J944* W. Widdowson and 
A. 8. Russell, Phil. Mag . 48, 293, 1924. 
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masses of the most abundant isotopes of the ordinary elements. The 
heads of three 1 main series of radioactive elements, thorium, actinium 
and uranium, have mass numbers 4 n % + li 4n + 2, respectively, 
and the existence of a fourth group of mass 4n + 3 is assumed. From 
a consideration of the modes of transformation o i these^eeries and 
certain general rules, Russell has* been able to predict with some 
success the masses of the main isotopes* of many of the e|em en ts. 
Whilo tlier o appears to be an undoubted analogy between the radio- 
active isotopes and the isotopes of inactive elements, there is no 
necessity to assume that the inactive elements have been derived 
from the transformations of the radio-elements. 

§ 121. Abundance of the elements. Attention has already been 

drawn to marked differences in the number and masses of the 
isotopes of even- and odd-numbered elements. This distinction 

between even and odd elements is manifested also in other directions. 

For example, in the study of the artificial disintegration of light 
elements by a particles, is found that the effect is most marked in 

odd-numbered elements. The even elements either show no effect at 

all or give rise to protons of lower average speed than from the odd 
elements. Another striking difference, first drawn attention to by 

Harkins*, is observed in connection with the relative abundance of 

the chemical elements in the material of the earth. Elements of even 
atomic number predominate and indeed form the greater part of the 
earth’d crust. Various estimates have been made of the relative 
abundance of the elements both in stone meteorites and in the average 
material 6i our lithosphere. While it is of course difficult to be 

certain that the analyses represent the average composition of the 

whole material of the earth, ceitain general conclusions can be safely 
drawn. The following table, compiled by Harkins, shows the percent age 
composition by weight of the lithosphere taken from the data given 
by Clarke. 

It is seen that the six even-numbered elements make up 85-7 
per cent, of the weight of the lithosphere and tlie odd-numbered 

12*8\,per cent. Even if hydrogen is included, the proportion is not 

Berioubiy altered. The two even-numbered elements oxygen and 

silicon together are responsible for 75 per cent, of the material of 
the earth, while less than 0*2 per cent, is contributed by elements 

9 ol the higher atomic numbers 30 to 92. 

Hafkinflk JowtnSAmer, Chem. 8oc . 39, 866, 1917. 
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If it be supposed, that the, elements are built up of protons and 
electrons, or of simple combinations of these units, it is to be anti- 
cipated that the lighter stabte^ nuclei would be formed in much 
greater quantity than tRe heavier and more Complex nuclei. The 
comparative rarity of the elements of atomic number greater than 
30 is thus an indication, that the nuclei arise from the building up of 
simple units ii&tq more complicate^ structures rather than from the 

disintegration of some hypothetical heavy element or elements. 


#1 

Element 

. Atomic 

number 

Percentage by weight 

Oxygen 

8 

47-33 

— 

Silicon 

14 

27-74 

. _ 

Aluminium 

13 

< — 

‘ 7-S5 ' 

Iron 

20 

4-50 

— 

Calcium 

20 

3-47 

— 

Sodium 

11 

— 

2-46 

Potassium 

19 

— 

2-46 

Magnesium 

12 

2-24 

— 

Titanium 

22 

0-40 

€ 

— 

Totals 

... 

85-74 

12-77 


From analogy with the transformation of radioactive bodies there 
has been a tendency to assume that the relative abundance of an 

element is to be taken as a measure of its stability. No doubt if the 

processes of building up of nuclei of all possible types from simple 
units takes place in the stellar system, it is to be expected that any 
unstable nuclei which have a limited life of the order of 100 million 

years or less would be relatively rare in the earth. On", the other 

hand, general evidence indicates that the great majority of the 
elements and their isotopes are either permanently stable or have 

ah average life of transformation long compared with the estimates 

of the age of the sun (10 1 * to 10 M years). Under such conditions, 
the relative abundance of the elements must be mainly due to other 

factqps, like the supply of the requisite building units 'hod the 

probability of the formation of the nuclei in question. While the 
experiments on artificial disintegration of the elements by a particles 

certainly suggest that odd-numbered elements are more easily altered 

than even elements, and thus in a sense appear less stable, it does 
not follow that the "odd-numbered elements would show any sign 

of radioactive instability under normal conditions in the earth. For * 

example, aluminium, Which is the most abundant of the odd- 
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numbered, elements and therefore presumably * very stable, not only 
emits protons freely under a. ray bombardment, but with an average 
individual energy greater than for any othef element. It is seen 
that any deductions on the stability of elements baaed directly on 

their abundance must bo interpreted with caution, 

§ 122. Masses of isotopes. The original masS spectrograph of Aston 
gave the masses of the isotopes with an accuracy of about 1 in 1000, 
and eufticed to show that the masses were nearly integers in terms of 

0 = 16. J In order to examine the accuracy of the whole-numb§y rule, 
and to resolve the isotopes of the heavier elements, a modified fofrm 
of apparatus was constructed in which it was possible to compare 

the masses Of atoms with an accuracy of about 1 in 10,000. The mass 
spectrum obtained on a photographic plate about 16 cm. long 
corresponded to rather more than one octave of mass. A change of 

mass of 1 per cent, corresponded to about 1*5 mm. on the photo- 
graphic plate at the most deflected end and 3 mm. at the other. 
The dispersion of the new instrument was so great that the lines 

due to 0 + and CH 4 H were clearly separated on the plate*. 

The masses of the elements carefully examined by Aston with the 
new apparatus are given in the table below. The results for the two 

isotopes of lithium are due to Costa and are probably accurate to 

1 in 3000. 


Atom 

Packing 
fraction 
, 10* 

Mass 

0 ^ 16 

Atom 

Packing 
fraction 
\ 10* 

Mass 

0= 16 

H 

77-8 x 15 

1 -00778 

CP 

- 4-8 x 1*5 

34 983 

He ' 

f>-4 i 1 

4-M216 

A 38 

- 6-6 i l a 

35-976 

Li* 

20 0 ± 3 

8-012 

(p 

- 5*0 2: 1*0 

36-980 

Li 7 

170 t 3 

7012 

A 10 

- 7-2 - 1 

39-971 ’ 

B 10 

13*5 jt 1*5 

100135 

As 

- 8-8 - 1*5 

74-934 

B u 

100 ± 1*5 

11-01 10 

Kr 78 

- 9*4 ± 2 

77-926 

C 

30 ± l . 

12-0036 

Br 79 

- 9-0 x 1*5 

78-929 

N 

5-7 -t 2 

14-P08 

Kr** 

- 9-1 ± 2 

79-926 

0 , 

0*0 

10-0000 

Br* 1 

- 8-6 1-5 

80-926 

F 

00 ± 1 

19*0000 

Kr 89 

- 8*8 x l a 

81^27 ■ 

Ne» 

0*2 tl 

20*0004 

Kr 43 

- 8*7 i 15 

mi 

Nc 22 

" (2-2 1 

22-0048) 

Kr® 4 

- 8-5 x 1-5 

83-928 

P 

- 5*6 ± 1-5 

30-9825 

Kr 9 * 

- 8-2 ± 1-5 

S5-929 



* 

1 

- 5-3 x 2 

126-932 

Tin 

(eleven isotopes 

) 

Sn»» 

• - 7-3 ± 2 

119-912 

Xenon (nine isotopes) ... 

Xe ,a * 

- 5-3 ± 2 

133-929 

Mercury (six isotopes) 

H*™ 

O S ^ 2 

200-016 


* Aston, Bakerian Lecture, Proc. Roy, Soc . A. US, 487, 1927. 
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PACKING FRACTION 

It is seen that there are systematic departures from the whole - 
number rule, showing that the average mass of the proton, in different 
nuclei is subject to small variations which are ascribed to changes 
in the “packing effect” of the nucleus. To express this variation in 
convenient form, the packing fraction, shown in column 2, is cal- 
culated from the observed masses. This packing fraction, expressed 
in parts per 10,000, represents the mean gain or loss of mass per 
proton compared with the protons of oxygen taken as a standard. 
The variation of the packing fraction with the atomic mass is shown 
clearly in Fig. 137. It is seen that the packing fraction, initially 
positive for atoms lighter than oxygen, reaches a maximum negative 

value for atomic mass about 60 and then slowly rises again crossing 
the zero line for a mass about 200, and presumably rises steadily up 
to the heaviest element uranium. The actual variation of mass from 

an integer is shown in the same figure, curve B (scale on right). It is 
seen that the difference at first positive becomes zero for mass about 
20 and reaches a maximum negative value for about mass 110, and 

becomes zero again for a mass about 190. No accurate measurements 
have been made for elements heavier than mercury, but the curve if 
extrapolated to include uranium should continue to rise well above 

the zero line. 

In Fig. 138, the values of the packing f rad ions for the lighter 
elements are shown on a larger scale. It is seen that the packing 

fractions for the odd-numbered elements lie approximately on a 
curve hyperbolic in shape. On the other hand, the packing fractions 
for the even-numbered elements, helium, carbon and oxygen, fall well 

below the curve. It is clear from these results that the structure 
of the even-numbered elements differs in some way from the odd- 
numbered elements. It may be that carbon and oxygen are composed 
of a particles and that the odd-numbered elements consist of a 

sub-structure of a particles with additional protons of average mass 
larger than unity but considerably less than the mass of the free 

proton. The data available are not, however, sufficient to draw any 

very definite conclusions on this point. 

The choice of 0 - 16 as a basis for comparison of the packing 

effects is of course quite arbitrary, and Strum* and St. Meyer j have 

fadrftn H - 1 aa a basis. The same general features in the variation of 
( the paoking fraction with atomic number must naturaUy appear in 

1 * 'Strom, Zeit. f. Phyi. 60, 555, 1928. 

t St. Meyer, Naturviu. 18, 623, 1927; Wien. Ber. 188, 431, 1929. 
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these calculations. In addition, St. Meyer has pointed out that the 
packing fraction seems to show a periodic behaviour which is related 
to the well-known periods in the natural classification of the elements. 
The data are probably not yet sufficiently precise to establish such 
an unexpected relation. 



0 to 20 30 40 50 

/Hass tfmavt 

Fig. 138. 

§ 123. Energy considerations. On Einstein’s theory, the energy 
E associated with a mass m is given by E = me 2 , where c is the 

velocity of light. If there is a change of mass 8m in a system due to 

any rearrangement, the change of energy 8 E is given by 8 E = e*8m. 
In dealing with the changes of energy in atomic nuclei, it is convenient 

to express the energy in terms of the kinetic energy gained by an 

electron falling freely between a difference of potential V in volts. 
The energy per atom associated with a change of ms js 1 on the atomic 

mass scale can be shown to be 933 million electron volts, This is a 

convenient number on which to base calculations o^changes of energy 

involved in the structure of single nuclei. From Aston’s data, the 

mass of the free proton is 1*0072 and the mass of the helium nucleus 

4-0011 in terms of the oxygen atom — 16. If this helium .nucleus be 
taken as a combination of four protons and two electrons, the loss 

of mass 4-0301 - 4*0011 = *029, corresponding to an energy loss of 

27 milli on volts. The energy involved in the change of mass of the 
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proton 1*0072 in the free state to a mass of exactly 1 is 6*7 million 
volts. Similarly it can he deduced that the energy equivalent to the 
mass of a free electron and a free proton is about 511,000 volts 
and 940 million volts respectively. 

If we suppose that all atomic nuclei have been formed by the 
combination of free protons and electrons, it is clear, since the 
average mass of the proton in most nuclei is nearly 1, that a large 
amount of energy must have been radiated in the process of their 
formation. For example, for the main isotope of mercury of mas 3 
200*018, which is composed of 200 protons and 120 electrons, the 
loss of atomic mass in its formation from free electrons and protons 

is 1*45, corresponding to 1350 million volts. Similarly for the krypton 
isotope, mass 80, the loss is 600 million volts. On this hypothesis, 
the formation of all atomic nuclei from protons and electrons involves 

a loss, and often a considerable loss, of energy. If the nucleus of an 

atom were taken to pieces proton by proton and electron by electron, 
a large amount of work would have to be done. Consequently, the 
atom instead of being a source of energy is a sink of energy. It is 
difficult at first sight to reconcile such a conclusion with the observed 
fact that the uranium atom in its successive transformations spon- 
taneously emits in the form of its characteristic radiation a total 
amount of energy corresponding to about 45 aillion volts. On the 
other hand, an emission of this amount of energy seems to be con- 
sistent with the rise of Aston’s mass curve given in Fig. 137, if extra- 
polated to include uranium. In the transformation of uranium to 
lead, eight a particles and six j3 particles are liberated with a total 

emission of energy per atom of 45 million volts. The total mass of 

eight free helium nuclei and six electrons corresponds to 32-012, while 
the mass equivalent to an emission of energy of 45 million volts is 

•048. Consequently the theoretical difference of mass to be expected 

between uranium *and uranium lead should be 32-060, and the 
departure of the atomic mass of uranium from a whole number 

should be *060 greater than for uranium lead. This is about the dif- 
ference to be expected from an extrapolation of either of the curves 
given in Fig. 137 , and is thus in general accord with observation. 

If the amount of energy liberated in each a and jS ray transformation 

is known, it is clear that the change of mass from atom to atom oan be 
^calculated. If the mass of one atom in the series is known accurately, 

the masses of all the others can be deduced. 

The difficulty on nuclear theories of accounting for the spontaneous 
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emission of energy from radioactive atoms is largely removed if we 
assume that the main building unit entering into the structure of 
the heavier nuclei is not the proton but the a particle. This supposes 
that the emission of energy in the formation of an a particle from 
protons and electrons has occurred before the a particle enters the 
nucleus in question. In the table given by Aston the mass of Xe 134 
is 133*929 and Hg 200 is 200*016. Making allowance for the mass of 
the extra-nuclear electrons, the total difference of the nuclear mass 

of xenon and mercury is 66*073. This corresponds on the average 

over this range to a change of mass per proton of 1*0011 and to a 
change of mass per a particle of 4*0044. In a similar way, from data 

already considered, it can be calculated that the average nuclear 

change of mass per a particle from xenon to uranium is about 4*0047. 
Now we have seen that the nuclear mass of the a particle in the free 

state is 4-0011. On the assumption therefore that the a particle is 

the main mass unit in building up the nuclei, it is seen that the 
average mass of the a particle successively added to the nucleus must 

be greater than in the free state. In other words, the a particle in 

the nucleus possesses greater total energy than in the free state. 
If the uranium nucleus were taken to pieces a particle by a particle, 

till xenon is reached, it is clear that a considerable amount of free 

energy would be liberated. On the other hand, we have seen that if 
the nucleus consisted mainly of protons, a large amount of energy 

would be expended in the corresponding process. If it be supposed 

that the average mass of the proton included in the structure of a 

nucleus is very nearly 1, its mass is much less in the nucleus than in 

the free state and a considerable amount of energy must be com- 

municated to it by the other parts of the nucleus in order to give it 

sufficient energy to escape. We can thus see in t a general way why 
protons, even if they are present, are not liberated in radioactive 

transformations. 

The general evidence on nuclei strongly supports the view that the 
a particle is of primary importance as a unit of the structure of nuclei in 

general and particularly of the heavier elements. It seems very possible 

that the greater part of the mass of heavy nuclei is due to a particles 

which have an independent existence in the nuclear structure. 

On these views, it is possible to form a general picture of the gradual 

building up of nuclei and of the energy changes involved. Probably^ 

in the lighter elements, the nucleus is composed of a combination 

of a particles, protons and electrons. The constituents of the nucleus 
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attract one another strongly, partly no doubt due to the intense forces 
arising from the distortion or polarisation of the particles and 
possibly due to magnetio forces. It is difficult in the present state 
of our knowledge to define the relative importance of these various 
agencies. At first a concentrated and firmly bound nucleus is formed 
accompanied by the emission of energy, and for an atom about 120 a 
minimum mass is reached representing the closest binding of the 
constituent particles. With successive additions of mass, the a particle 
becomes less and less tightly bound until the heaviest element uranium 
is reached. The variation of mass from atom to atom may not be 
regular and is probably greater for a mass in the neighbourhood of 

200 than for a mass 120. 

We may thus suppose that the nucleus consists of a tightly packed 

structure near its centre, gradually becoming more diffuse towards the 

outside. This system is surrounded by a high-potential barrier which 

normally prevents the a particle from escaping. From the standpoint 
of the wave-mechanics the a particle is accompanied by a wave 

system which fills the Vhole volume inside the potential barrier. 

As we have seen in § 77 a, it is believed that the a particle, or rather 
its wave system, may penetrate this barrier under special conditions 

and escape from the nucleus. 

For simplicity of explanation, we have considered above a type of 

static atom in which the total energy of each a particle decreases 

from the centre outwards. It is more probable, however, that the con- 
stituents of the nucleus are in rapid motion, continuously interchanging 
positions with one another, and it may not be valid to suppose that 

on the average one a particle has more energy than another. There 

is, however, always a probability that the inner highly condensed 
nucleus may form a compact and definitely orientated structure 

surrounded by a number of a particles as satellites. In such a case 

the equilibrium of*a nucleus would be analogous to the equilibrium 
of a sphere of liquid in the presence of a surrounding vapour near the 

critical point. On such a view some of the satellites would have a 

higher total energy than the average of all the a particles in a radio- 
active nucleus. If the energy on the average is equally distributed 

amongst ah the a particles constituting a heavy nucleus, it is not 

obvious why a uranium nucleus should disintegrate at all, since the 
average mass of the a particle is little if any greater than its mass 

in the free state. However, our information is too indefinite to be 

dogmatio on these points. 
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G. Gamow* has examined the equilibrium of a nucleus supposed 
to consist of a collection of a particles surrounded by a potential 
barrier. It is assumed that the a particles are acted on by attractive 
forces varying rapidly with the distance and overbalancing at short 
distances the electrostatic forces of repulsion. Since the a particles 
carry even charges, they should obey the Bose-Einstein statistics. 
He concludes they must kll be in the same quantum state with 
quantum number unity. The equilibrium of such a collection of a 
particles under the action of rapidly varying attractive forces is 
analogous to the behaviour of a small drop of water in which the 
particles are held together by the forces of surface tension. It is 
possible to calculate approximately the relation between the total 
energy of the particles contained in the nucleus and the number of 
a particles, i.e. the mass of the nucleus. The calculations have so far 
been applied only to elements of mass 4 n where n is an integer. By 
taking account of the effect of the introduction of electrons in the 
nucleus for certain values of nf, Gamow| has been able in a general 
way to account for the peculiarities of the lhass-defect curve shown 
in Fig. 137, curve B. While this curve gives the general trend of the 
variation in mass over the whole range of atomic weights, Gamow 

concludes that the gain or loss of mass due to the addition of an a 

particle may vary markedly from point to point. This theory while 
admittedly imperfect and speculative in character is of much interest 

as the first attempt to give an interpretation of the mass-defect curve 
of the elements. For further progress in the theory, the masses of 
many of the isotopes require to be known with great accuracy. 

We have seen that on energy considerations we can understand 

why a particles and not protons are liberated from the radioactive 
bodies. It is also clear why elements much heavier than uranium 

have never been observed. With increasing mass, more and more 

energy is stored in the nucleus which should become highly radio- 
active. While no doubt the stability of a nucleus depends on its 

structure as well as its mass, probably in general the greater the mass 

of the nucleus, the more rapidly it would be transformed, and it is 

probably not an accident that no element heavier than uranium has 


* Discussion on the structure of atomic nuclei. Proc. Roy. Soc. A, 123, 373, 1929. 
t G. Beck (Zeit.f. Phys. 50, 648, 1928) has pointed out that for even elements of 

type 4«, the number of free nuclear electron* is always even, and that a new pair • 

of electrons appears at certain mass numbers. 

X Gamow, Proc. Roy. Soc. A, 126, 632, 1930. 
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so far been detected. Even if such heavy elements were present 
in the earth at the time of its formation, they would have largely 
disappeared if their radioactive life were small compared with the age 
of the earth. Uranium and thorium are apparently the sole survivors 
of such elements to-day for the reason that their average life is 
probably greater than the age of the earth. 

In § 8 6, we have given the evidence in support of the view that 
the actinium series originates in an isotope of uranium of mass 235, 
which has a considerably shorter life than the main isotope of mass 238. 
Other isotopes may also have been formed but of too short a life to 
be observed to-day. For this reason, as pointed out in § 38, it is 
important to examine with great care pleochroic haloes in mica and 
other substances to see whether definite evidence can be obtained 
of the existence of unknown groups of a particles which may be 
ascribed to elements that have vanished long ago. 

In this connection, it is of interest to refer to a suggestion made by 
Kirsch* that thorium originally arose from an isotope of uranium of 
which the radioactive ’life was short compared with that of thorium 
itself. This was based on the observation that thorium and uranium 
are found together in old unaltered minerals and that the amount of 

thorium relative to uranium increases with the age of the mineral. 
More recent analyses of uranium minerals, in particular of a urani- 
nite from Keystone, South Dakota, which is the oldest mineral known 

and yet contains only a very small amount of thorium, have not 
supported this suggestion, and it seems necessary to abandon itf. 
There seems to be little doubt that the processes of formation of 

complex atomic nuclei are still taking place in the sun and the hot 

stars. Evidence bearing on this point has recently been obtained 
from consideration of the origin of actinium. We have seen (§8 6) 
that actinium is probably derived from the transformation of an 
isotope of uranium (actino-uranium), of mass 235, which has an 
average life of the order of 400 million years. It is natural to suppose 

that the uranium in our earth had its origin in the sun and has been 

decaying since the separation of the earth from the sun. In order to 
account for the amount of actinium at present observed in uranium 
minerals, it can be estimated that the earth cannot have an age 

much greater than 4x 10 8 years J. If the age of the sun is of the 

* Kirach, H’ten. Her. na, 131, 551, 1022. 
f Kirsch, QeclogU u. Radmktiwtdt , Springer, Berlin, 1928. 

t Rutherford, Nature , 123 , 313, 1929. 
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order of magnitude estimated by Jeans, namely 7 x 10 ia years, it is 
clear that the actino-uranium observed in the earth must have been 
forming in the sun at a late period of its history, viz. about 4 x 10® 
years ago. If the actino-uranium could only be formed under special 
conditions in the early history of our sun, the actino-uranium, on 
account of the shortness of its life compared with uranium, should 
have practically disappeared long ago. It thus seems likely that the 
processes of production of elements like uranium were taking place in 
the sun about 4 x 10® years ago and probably still continue to-day. 
It is natural to suppose that this is true also for complex nuclei in 
general. 



CHAPTER XVIII 


MISCELLANEOUS 

§ 124. The apparent radioactivity of .ordinary matter. It was 

pointed out by Schuster in 1903 that every physical property dis- 
covered for one element had later been found to be shared by all the 
other elements in varying degrees. On such general grounds it might 
perhaps be expected that the instability shown by the elements 
uranium, thorium, actinium, and their products should be a property 
common to all matter. It is indeed true that every substance which 
has been examined shows a feeble radioactivity which can be detected 
by the ionisation method, but it seems probable that in all cases, with 
the two exceptions of potassium and rubidium, this activity is to be 
ascribed to the presence of traces of bodies belonging to the well-known 
radioactive families rather than to an instability of the element itself. 

The early investigations of C. T. R. Wilson* * * § on the rate of loss of 
charge of an insulated conductor in a closed vessel indicated that the 
ionisation was produced by a radiation proceeding from the walls of 
the vessel. This view was confirmed by the experiments of Struttf , 
who found that the rate of discharge of an electroscope depended on 
the material of which it was composed. In some cases markedly 
different rates of discharge were found for different specimens of the 
same metal, indicating that in these cases at least a large part of the 
effect was due to radioactive impurities. On the other hand, Camp- 
bell } concluded from an extensive series of measurements that all 
metals showed a specific radioactivity and emitted characteristic 
radiations of the a ray type. Of more recent work there may be 
mentioned the experiments of Harkins and Guy§, who examined a 
large number of substances and found no evidence of any specific 
activity; and those of Hoffmann ||, who concluded that the activity 
of some materials could not be attributed only to radioactive 
impurities. 

* C. T. R. Wilson, Proc. Camb. Phil. Soc. 11, 32, 1900; Proc. Roy. Soc. A, 68, 161, 
1901. 

f Strutt, PhU. Mag. 6, 680, 1903. 

t Campbell, Phil. Mag. 9 , 631, 1905. 

§ Harkins and Guy, Proc. Nat. Acad. Sci. 11, 628, 1925. 

|| Hoffmann, Ann . d. Phys. 62 , 738, 1920. 
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In considering the evidence obtained in this way, it is necessary to 
examine the factors which influence the rate of discharge of a metal 
electroscope filled with air. The ionisation may be due to one or more 
of the following causes : 

(1) the presence of a small quantity of radon mixed with the air; 

(2) a superficial activity due to the exposure of the metal to the 
radioactive matter present in the atmosphere ; 

(3) the presence of traces of known types of radioactive matter 
throughout the volume of the metal ; 

(4) the escape of a radioactive emanation from the metal into the 
gas; 

(5) the effect of y rays from radioactive bodies in surrounding 
objects and in the earth and atmosphere ; 

(6) the effect of the “penetrating” radiation; 

(7) a spontaneous ionisation of the gas; for this effect there is no 
evidence. 

The effect of ( 1 ) is usually small and does not amount to more than 
1 or 2 ions per c.c. per second in the air. The "radon, if necessary, can 
be removed entirely by passing the air in the vessel through a char- 
coal tube immersed in liquid air. In an airtight vessel the effect will 
of course disappear in the lapse of a few weeks. The effect of (2) may 
be considerable, for the surface of all metals exposed in the open air 
becomes temporarily active, due to the presence of radium and thorium 
emanations in the atmosphere. McLennan and Burton*, for example, 
have observed that the ionisation due to a sheet of metal exposed in 
the open air always decreases for several hours after its introduction 
into a closed vessel. This is no doubt due to the active deposit of 
radium collected from the atmosphere. In addition, if the plate has 
been exposed long in the open air, radium (D + E t F) collect upon 
it. It is thus to be expected that a metal would produce less ionisa- 
tion when its surface is removed or thoroughly cleaned to get rid of 
the active matter. This has been shown to* be the casvj by Cooke, who 
found that a brass electroscope showed only about one-third of its 
original activity after thorough cleaning. McLennan also found that 
the ionisation in large metal vessels, after an initial decrease, gradually 
rose for several days. The activity fell again when fresh air was sub- 
stituted. This no doubt was due to the presence of a trace of radium 
in the metal and the release of a small quantity of radon into the air 
of the ionisation chamber. The greater part of the effect due to (5) will 
* McLennan and Burton, Phil. Mag. 6, 343, 1903. 
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under normal conditions be caused by the radioactive matter in the 
earth. The effect of the y radiation from the earth can be eliminated 
by making measurements on the surface of a deep lake or ocean, pro- 
vided that the water does not itself contain sufficient radium to give 
a detectable amount of y rays*. 

When adequate precautions are taken to eliminate the effects of 
factors (1) to (5), the rate of discharge of a metal electroscope filled 
with air at standard pressure corresponds to the production of not 
more than 5 or 6 ions per c.c. per second, when observed at sea level. 
Of this amount about 1*5 to 2 ions must be attributed to factor (6), 
the effect of the “penetrating” radiation (see § 112). The residual 
ionisation is therefore less than 4 ions per c.c. per second. Some 
observers! have found residual ionisations of less than 1 ion per c.c. 
per second. 

It is difficult to decide with certainty whether this residual ionisa- 
tion is due to an inherent radioactivity possessed by the metal of the 
electroscope or to the presence of a trace of known radioactive matter. 
Since the radioactive £tements are widely disseminated throughout 
the surface of the earth!, it is to be expected that traces of active 
matter would be separated with all metals. This view receives some 
support from experiments made with lead, the most active of all 
common materials. If any radium be present in the ores from which 
the lead was prepared, the product radium D will be separated with 
the lead ; the a ray activity of such lead will be due to the subsequent 
product radium F or polonium, and owing to the decay of radium D 
(with a period of 25 years) the activity of the lead will decrease with 
its age. Both these points have been tested. Elster and Geitel§ 
extracted from lead a small quantity of active matter which they 
considered to be polonium, and it has often been observed, first by 
McLennan ||, that old lead is much less active than new lead. 

An estimation of the amount of radioactive impurity necessary to 
account for the residual ionisation in an electroscope can be made 
from calculations due to v. Schweidler^J. For example, suppose that 
a spherical copper vessel of 2 litres volume gives a residual ionisation 

* The radium content of sea water varies between 0*25 and 26 x 10~ 16 gm. per c.c. 

| Cf. Bergwitz, Klster-Geitel Festschr. 585, 1915; Hoffmann, Ann. d. Phys. 82, 413, 
1927. 

J The earth’s crust contains on the average about 2 x 10” 11 gm. Ra per gm. of rock. 

§ Elster and Geitel, Phys. Zeit. 9, 289, 1908. 

|| McLennan, PhU. Mag. 14 , 760, 1907. 
v. Schweidler, Phys. Zeit. 15 , 685, 1914. 
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of 4 ions per c.c. per second. The observed ionisation would be ac- 
counted for by the presence of radium as impurity to the extent of 
4 x 10“ 1S gm. per gm. of copper. If, on the other hand, it be assumed 
that the ionisation is due to a true radioactivity of the copper, the 
calculations lead to a half -transformation period of about 3 x 10 16 
years. 

In the experiments of Hoffmann* the current in the ionisation 
chamber was measured by means of a special electrometer and regis- 
tered photographically. The electrometer was so sensitive that the 
ionisation due to each a particle emitted in the chamber could be 
measured with fair accuracy. Hoffmann was thus able to separate 
the a ionisation in the chamber from the and y ionisation. From a 
statistical examination of his results he concluded that platinum and 
brass gave a weak a activity which could not be attributed to the 
presence of known radioelements. In a later series of experiments 
Hoffmannt measured the y activity of various metals, viz. lead, zinc, 
copper, iron, and aluminium, and he concluded that in each case the 
radium content was not more than 10~ 14 gift! Ra per gm. of metal. 
He considered that these results strengthened his former conclusion 
of a true a activity of brass. According to ZiegertJ, who has investi- 
gated by the same method a number of metals including copper and 
zinc, this activity of brass is to be ascribed to its zinc content. While 
copper showed a very small a activity which could be ascribed to a 
radium content of between 1 and 2 x 10 14 gm. Ra per gm. Cu, all 
his specimens of zinc emitted a particles of unusually short ranges. 
By chemical means he separated from the zinc a small residue which 
gave, in addition to some of the known a particles of the uranium 
series, three groups of particles of very small total ionisation, corre- 
sponding to ranges in air of 0-55, M5, and 2 05 cm. He suggested a 
connection between these particles and the “X” haloes of Joly and 
the “Z” haloes of Iimori and Yoshimura (see § 38), in which occur 
rings of radius corresponding in the formfcr case to an a particle of 
range just over 1 cm., and in the latter case to 1-2 and 2*1 cm. On 
the other hand, if the Geiger-Nuttall relation between the range of 
the a particle and the transformation constant of the elements of the 
known radioactive series may be extrapolated to these bodies, it 
would suggest that their rates of transformation should be slow 

* Hoffmann, Ann. d. Phys. 62, 738, 1920; Zeit.f. Phys. 1, 254, 1921. 

f Hoffmann, Ann . d. Phys . 82, 413, 1927. 

% Ziegert, Zeit.f. Phys. 46, 068, 1927. 
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compared even with uranium, and this is not consistent with the 
observed rate of emission of a particles from the small quantity of 
residue which was obtained. It is indeed difficult to offer any 
suggestions as to the source of these a particles, and further in- 
formation must be awaited. 

The question of the activity of the common elements is one of great 
interest, and the method of investigation developed by Hoffmann 
and Ziegert should afford a much more definite answer than can be 
obtained from the earlier electroscope measurements. Taking the 
evidence as a whole, and leaving Ziegert’s observations for further 
investigation, we may say that there is no adequate proof that the 
ordinary chemical elements show an intrinsic activity such as is pos- 
sessed by the members of the known radioactive families. The very 
small activity often observed is in all probability to be ascribed to the 
presence of traces of the known radioelements as impurities. 

§ 125. The radioactivity of potassium and rubidium. It has 

already been mentioned that there are two exceptions to this general 
conclusion — potassium and rubidium both show a weak jS ray activity 
which is specific to these elements. This fact was discovered by Camp- 
bell and Wood* * * § in an examination of the activities of the alkali metals. 
They found that the ft ray activity was showm by all potassium salts, 
whatever their origin, in proportion to their content of potassium. 
Tests for the presence of an emanation in the substances used gave a 
negati\v 3 result, and they concluded that the observed emission of 
ft rays was a property of the potassium atom. The ft radiation was 
more easily absorbed than that from a uranium oxide preparation, 
giving a value for /x/p in tin varying from 27 to 1 1 as against a value 
of 10 with uranium. Similarly, the ft radiation from rubidium was 
shown to be a property of the rubidium atom. Rubidium gave, 
weight for weight* about seven times the effect of potassium, but the 
radiation was much more easily absorbed. Subsequent investigations 
by Campbell!, HenriotJ, Biltz and Marcus §, Hahn and Rothenbach||, 
Hoffmann % and others have confirmed the conclusion that the ft 
radiations of these elements are not due to traces of radioactive 

* Campbell and Wood, Proc. Camb. Phil. Soc. 14, 15, 1906. 

t Campbell, Proc . Camb. Phil. Soc. 14, 211, 557, 1907. 

X Henriot, Le Radium, 7, 40, 1910. 

§ Biltz and Marcus, Zeit.f. anorg. Chem. 81, 369, 1913. 

|| Hahn and Rothenbaoh, Phys. Zeit. 20, 194, 1919. 

^ Hoffmann, Zeit.f. Phys. 25, 177, 1924. 
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impurity but to the elements themselves. All attempts to influence 
the activity of either element by chemical operations, and thus to 
prove that the activity is due to radioactive impurity, have been 
unsuccessful. Biltz and Marcus prepared specimens of K 2 S0 4 from 
potassium minerals of different geological ages; the activity of the 
specimens per atom of potassium was always the same. Hahn and 
Rothenbach compared the Activities of rubidium sulphate of different 
ages, 21 years old, 11 years, and new. No difference could be found. 

In both cases the radiation is a jS radiation; no a rays have been 
observed. Campbell showed that the rays from potassium were de- 
flected in an electric field in the same direction as the rays from a 
layer of uranium oxide. The deflection in a magnetic field was observed 
by Henriot and Vavon* for the rays from potassium, by Bergwitzf 
for the rays from rubidium. The magnetic spectra of the radiations 
have not bfeen obtained for either element, and estimates of the 
average velocity of the rays have been derived almost entirely from 
absorption measurements. The early measurements of Campbell and 
Wood showed that the potassium rays were Slightly less penetrating 
than those from a layer of uranium oxide, i.e. from uranium X 2 , since 
the ft rays of uranium X x are difficult to observe except with very 
thin layers. Further measurements have been made by Harkins and 
GuyJ, and by Kuban §. The latter obtained, after certain corrections, 
a value for the absorption coefficient in aluminium of p, = 28 (cm.)* 1 . 
From these results the average velocity of the ft rays of potassium 
may be taken to be approximately 2-5 x 10 10 cm./sec., or 0*85 c. 

From a comparison of the magnetic deflection of the ft rays of 
rubidium with that of the rays from radium E, Bergwitz estimated 
the velocity of the rubidium rays to be about 1*85 x 10 10 cm./sec. 
On the whole, the measurements of the absorption of the rays in 
metal foils are in agreement with this value. Henriot, and Hahn and 
Rothenbach, found that the penetrating power of the rubidium rays 
was about the same as that of the ft rays of radium itself, which have 
velocities of roughly 0*6 c. Kuban obtained a value of fi in aluminium 
of 173 (cm.)" -1 , which is rather less than the corresponding value 
for radium. Using a thin layer of rubidium salt, Hoffmann || found 

* Henriot and Vavon, C.B, 149, 30, 1909. 
t Bergwitz, Phy*. Zeit. 14, 055> 1913. 
t H a rk ing and Gay, Proc. Nat. Acad. Sci . 11, 028, 1925. 
f Kuban, Wien. Ber. 187, 241, 1928. 

|| Hoffmann, Zeit . /. Phys. 25, 177, 1924. 



RADIOACTIVITY OF POTASSIUM AND RUBIDIUM 543 

evidence of a very soft component in the radiation with a value 
/a = 900 (cm.) -1 in aluminium. 

The rates of transformation of potassium and rubidium can be 
deduced from measurements of the rate of emission of the |3 rays. 
These measurements are difficult on account of the weak activity 
shown by both these elements, and only very rough estimates of the 
half -transformation periods can be made: A further difficulty arises 
from the absorbability of the rays, particularly in the case of rubidium. 
A surface of a thick layer of either substance gives about one- 
thousandth of the effect of a surface of uranium oxide of the same 
area, when compared with a j3 ray electroscope. A general survey of 
the evidence bearing on this question has been made by Holmes and 
Lawson*, and they conclude that the half-value period of rubidium 
is probably about 10 11 years, and of potassium about 1*5 x 10 12 years. 

These estimates Were based on the assumption that all the atoms 
of the element are similar in their radioactive behaviour. On the other 
hand, it is known that both potassium and rubidium consist of two 
isotopes of masses 39 alRl 41, 85 and 87, respectively, and it may be 
that only one of these isotopes, or possibly a third unknown isotope, 
is responsible for the radiation. In the case of potassium, a partial 
separation of the isotopes was obtained by Hevesyj. The heavy 
fraction was collected and an atomic weight determination by 
Honigschmid gave a value 0*005 unit greater than that of ordinary 
potassium. The activity of this fraction was measured by Biltz and 
Ziegert; and found to be about 4 per cent, greater than that of 
common potassium. The results are in good agreement with the 
assumption that the isotope of mass 41 is mainly if not solely respon- 
sible for the j8 radiation of potassium. Since this isotope forms only 
one-twentieth of the element, it will have, if entirely responsible for 
the radioactivity, a half-value period of about 7*5 x 10 10 years. 

No transformation products either of potassium or of rubidium 
have so far been detected! Since the emission of a particle raises 
the nuclear charge by one unit, potassium should change into calcium 
and rubidium info strontium. If in potassium only the isotope 41 
is radioactive, the product wall be a calcium isotope of mass 41 ; at 
present only two calcium isotopes are known, of masses 40 and 44. 
Using the above period for potassium 41, it can be calculated that, 

♦ Holmes and Lawson, Phil. Mag. 2, 1218, 1926. 
f Hevesy, Nature, 120, 838, 1927. 
t Biltz and Zicgert, Phys. Zeit. 29, 197, 1928. 
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since the consolidation of the earth’s crust, about 2 per cent, of this 
isotope will have disintegrated. The maximum amount of oalcium 41 
which has accumulated in potassium minerals during all geological 
time will amount therefore to about 0*1 per cent, of their potassium 
content. Even if a potassium mineral could be found which contained 
only a trace of calcium, it would be exceedingly difficult to detect the 
difference in atomic weight between the calcium of the mineral and 
calcium of other origin. In the case of rubidium, the chemical diffi- 
culties in the way of establishing the difference in atomic weight 
between strontium produced by the decay of rubidium and ordinary 
strontium would not be so great. On the other hand, there is no real 
rubidium mineral ; this element is widely disseminated over the earth’s 
crust but always in small amounts. 

In addition to the £ radiation, Kolhorster* has observed the emis- 
sion of a y radiation from potassium. He estimated that the intensity 
of this radiation corresponded roughly to an amount of 10 -11 gm. Ra 
per gm. of sylvin, KC1. Measurements of the absorption coefficient 
were made in iron and gave values vailing from 1 (cm.) -1 to 
0*19 (cm.) -1 as the thickness of absorber was increased from a few 
millimetres up to 6 cm. The y radiation from potassium thus contains 
components which are more penetrating than the hard y radiation of 
radium C, for which p. — 0*36 (cm.) -1 in iron. It is possible that a 
y radiation may also be emitted by rubidium, but as yet it has not 
been observed. 

§ 126. The counting of scintillations. The scintillation method 
of counting a particles has been described very briefly in § 12 b. 
Although the counting of scintillations has been widely used as an 
experimental method, little systematic work was done to investigate 
the method itself and its limitations until recently, when the experi- 
ments of Karlik and Kara-Michailovat and of Chariton and Leaf were 
able to furnish a clear account of some of the factors involved. 
Chariton and Lea investigated the two fundamental processes con- 
cerned in the production and observation of the scintillations, (1) the 
transformation of the energy of the a particle which strikes the zinc 
sulphide crystal into radiant energy, and (2) the detection of this 
radiant energy by the eye under the experimental conditions. It is 

* KoUidreter, NcUurunss. 16, 28, 1928. 

t Karlik, Wien. Ber. 186, 631, 1927 ; Karlik and Kara-Miohailova, Zeit.f. Phye. 48 , 
765, 1928; Wien. Ber. 187, 363, 1928. 

% Chariton and Lea, Proc. Roy. Soc. A, 122, 304, 1929. 
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the extraordinary efficiency of these two processes which gives the 
scintillation method its great power. 

It is well known that pure zinc sulphide does not scintillate when 
bombarded by a particles nor does it fluoresce under the action of 
light. In order to sensitise the zinc sulphide to the action of light or 
of a particles, the insertion of a minute quantity of impurity, such as 
copper, manganese, or other metal, is necessary. The response of such 
sensitised zinc sulphide depends on the nature and amount of im- 
purity, and it appears that the best scintillations are given when the 
impurity is copper in amount about 0-01 per cent, of the zinc present. 
The method of preparation of phosphorescent zinc sulphides has been 
given by Tomaschek*. These zinc sulphides cannot be prepared in 
large crystals and it is usual to make a screen by dusting a layer of 
small crystals on a slip of glass. The size of the crystals is in general 
between 5 /x and 50 /x, and crystals of fairly uniform size can be sorted 
out by centrifuging or by levitation. Since the range of the radium C' 
a particle in zinc sulphide is about 3 5/x, a preparation of crystals of 
about 20 to 30 /x will be Suitable for most observations. 

The duration of a scintillation is, according to Wood| and Hersz- 
finkiel and WertensttunJ, about 10~ 4 second. The spectral distribution 
of the light emitted in scintillations has been examined by various 
workers. For ZnS.Cu preparations the spectrum consists of a broad 
band between about 400 /x/x and GOO /x/x, with two maxima; the first 
maximum is at about 450 /x/x and the second, and chief, at about 
520 /x/x. The detailed distribution varies appreciably for different pre- 
parations. A comparatively large proportion of the light emitted by 
ZnS.Cu crystals is thus in the region of wave-lengths to which the 
dark-adapted eye is most sensitive, for the scotopie luminosity curve 
has a maximum at about 505 /x/x. This fact is partly responsible for 
the remarkable suitability of these crystals for the purpose of observing 
scintillations. • 

The efficiency of zinc sulphide in transforming the energy of the 
a particle into radiant energy is surprisingly high. According to the 
measurements of .Chariton and Lea, the radiant efficiency, i.e. the 
fraction of the energy of the a particle converted into visible light, is 
about 0*25 for the best Specimens of ZnS.Cu. Knowing the spectral 

* Tomaschek, Ann . d . Phys. 65, 198, 1921 ; cf. also Lenard, Handbuch der Expert- 
• ? lental Phyaik , vol. 23. 

t Wood, Phil . Mag. 10, 427, 1905. 

J Herszfinkiel and Wertenstein, J. de physique et k Rad , 2, 21, 1921. 
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distribution of the emitted light and evaluating the energy emitted 
as green light of wave-length 505 /x/x, they calculated that the luminous 
efficiency of these specimens was about 0*12. It appears, from experi- 
ments in which very slow a particles were used, that the efficiency of 
the surface layers of the crystal is not very different from that of the 
interior. There is no evidence that the efficiency depends to any 
marked degree on the velocity of the a particle. The above data may 
therefore be used to give an estimate of the total amount of luminous 
energy in a scintillation produced by an a particle of any given range. 

Of the total light of a scintillation only a fraction, depending on 
the optical system used for observation, will be received on the retina 
of the eye. From the definition of numerical aperture (n.a.), it follows 
that the fraction of the light from a scintillation which enters the 
objective of the microscope is J (1 — Vl — (n.a.) 2 ). Provided that the 
exit-pupil of the system is not greater than the diameter, about 
7-5 mm., of the pupil of the dark-adapted eye, the whole of this light 
will reach the retina of the eye, except for losses, which may amount 
to about 20 per cent., due to reflection and absorption in the optical 
system. The observations of Chariton and Lea show that for a 
scintillation to be perceptible through a microscope of 0*45 n.a. and 
magnification 50, the amount of luminous energy which reaches the 
eye must be equivalent to more than 300 quanta of green light 
(505 /x/x). On the other hand, scintillations can be perceived by the 
naked eye when the amount of energy reaching the retina exceeds 
30 quanta of green light. This divergence was explained in the follow - 
ing way. Since the shape of the crystal is very irregular, the light 
produced in it will be reflected and refracted at the crystal surfaces 
with the result that the image formed in the microscope is not an 
image of the actual path of the a particle but of the illuminated 
crystal*. Assuming that the “size ” of a scintillation is the same as the 
size of a crystal, about 25 /x in the above experiments, the size of the 
image on the retina when the scintillation is viewed by the naked 
eye will be about 2 /x, and when viewed through a microscope of x 50 
magnification about 110/x. Now the experiments of Reevesf showed 

* This can be seen by viewing a zinc sulphide screen through a microscope of 
large magnification (about x 800). When an a particle strikes a crystal the whole, 
or a large part, of the crystal lights up. Only with larger or more regular crystals 
is it possible to see the actual path of the a particle in the crystal. Thus Geiger 
(Zeit. /. Phys . 8, 191, 1921) was able to observe the tracks of a particles in a* 
willemite crystal, and Chariton and Lea in a thin flake of diamond. 

t Reeves, Astrophys. J . 47, 141, 1918. 
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that the minimum amount of energy perceptible by the eye depends 
on the size of the retinal image of the stimulus, and the variation is 
roughly sufficient to explain why so much smaller a fraction of the 
light from a scintillation is necessary to produce a visual sensation 
when the eye is unaided, than when a microscope is used. 

It is customary in scintillation counting to use a microscope of 
magnification between x 20 and x 50. Under these conditions a 
scintillation should just be visible when the amount of luminous 
energy which reaches the retina corresponds to about 300 quanta of 
green light. Only a very small fraction of such scintillations can be 
counted. For reliable counting the energy entering the eye must be 
more than 1200 quanta. With a microscope of numerical aperture 
0-45, this corresponds to the scintillation produced by an a particle 
of velocity greater than 0*25F 0 , where V 0 is the velocity of the a 
particle of radium O', or a range in air of about 3*5 mm. With the 
same numerical aperture, the limit of visibility is reached when the 
velocity of the a particle is about 0-13F 0 , or a range in air of about 
0-2 mm. 

The mechanism of the production of the scintillation in the zinc 
sulphide crystal is still obscure. Lenard has supposed that the foreign 
atoms incorporated in the lattice of the zinc sulphide crystal produce 
local disturbances which are responsible for the observed change of 
properties, but very little is known about the nature of these active 
centres nr the kind of disturbance they produce in the crystal lattice. 
From the fact that a large part of the energy of the a particle is trans- 
formed into visible light, Chariton and Lea concluded that at least a 
large part of the volume of a zinc sulphide crystal must be occupied 
by active centres, for the rate at which the a particle loses energy 
cannot be appreciably different in the active and inactive parts of the 
crystal*. The disturbances caused by the introduction of copper atoms 
into the zinc sulpfhide lattice are therefore apparently distrib.uted 
throughout the volume of the crystal in such a way as to allow the 
molecules of the crystal to respond to excitation by a particles. This 
is in agreement with the conclusion arrived at by Rutherford | from 
an analysis of Marsden’s experimental data concerning the decay of 
luminosity under prolonged bombardment. Rutherford, assuming 

* It might be assumed that the efficiency of transformation of the energy of the 
c partiole was greater than 100 per cent, in the active parts of the crystal; against 
.his must be noted the fact that the total energy developed in the crystal is equal 
to the energy of the a particle. 

f Rutherford, Proc. Roy. Soc. A, 83, 561, 1910. 
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that an active centre is destroyed once it has taken part in the emis- 
sion of light, found that the radius of action of the a particle, i.e. the 
radius of the cylinder around the path of the a particle in which all 
the active centres are destroyed, is about 7 x 10 -8 cm. in zinc sul- 
phide. The dimensions of the active centres are thus of molecular 
order, in accordance with Chariton and Lea’s suggestion that the 
whole crystal is active. 

Chariton and Lea regarded the disturbance caused by the impurities 
as a network of slight strains which allow the molecules of the crystal 
to respond to excitation by a particles ; the passage of the a particle 
releases the strains in a cylinder of the above radius around its path. 
Karlik has suggested that the active centres in the crystal are in an 
excited state and recombine, with the emission of light, by picking 
up electrons set free by the a particle in its passage through the cry- 
stal. Such a recombined centre can naturally take no further part in 
the production of a scintillation. This suggestion is supported by her 
observations of the scintillations produced by particles of different 
ranges in weakly scintillating specimens of iinc sulphides; provided 
that the a particles had sufficient range to pass through the crystal, 
the brightness of the scintillation was constant, i.e. independent of 
the amount of energy lost in the crystal. If the number of active 
centres in the cylinder of action of the a particle is less than the 
number of ions available for recombination, the amount of light 
emitted will, on the above hypothesis, be constant, and the observation 
receives an immediate explanation. 

§126 a. The efficiencies of observers. A method of determining 
the efficiency of an observer in counting scintillations has been given 
by Geiger and Werner, and used by them to eliminate errors of count- 
ing caused by fatigue or lack of concentration. The method consists 
in the simultaneous observation of the scintillations on the same 
screen by two counters. The zinc sulphicle screen can be observed 
through each of two microscopes. The area of the screen is so small 
that all the crystals are visible through each microscope. Each 
observer records the occurrence of a scintillation through an elec- 
trical contact key on the tape of a chronograph. Now every scintil- 
lation which occurs on the screen should be visible to both observers, 
and, if both are perfect counters, should be recorded at the same time 
by each, and all the marks recorded by one observer A should coincide 
with those of the second observer B . It is found, however, that all 
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the marks do not coincide ; some scintillations are seen by A which 
are* not recorded by B, and vice versa. From the tape record of a 
large number of observations we can deduce both the actual number 
of scintillations which occurred and the efficiencies of the counters. 
If N is the number of scintillations which actually occurred on the 
screen and A x is the probability that the counter A sees and records 
a scintillation, i.e. his efficiency in counting, then on the average he 
will make N 1 = A , t N marks on his tape. Similarly, counter B will 
record N 2 — scintillations, where A 2 is jB’s efficiency. The number 
of coincidences on the tape, or the number of scintillations which both 
A and B see, will be 0 — AjA 2 A t . The record on the tape gives N lf N 2 , 
and C at once, and thus N, the number of scintillations which actually 
occurred, and Aj , A^j , the efficiencies of the two counters, can be readily 
calculated. 

Some objections may be raised against applying this method to 
give the true number of scintillations occurring on the screen. Per- 
haps the chief objection is that the dual registration of a scintillation 
is not instantaneous, but there is a time lag for each observer which 
may be subject to small variations; there is thus some latitude in 
estimating the coincidences and this latitude will depend on the fre- 
quency of the scintillations. The efficiency of an observer will depend 
on the brightness of the scintillations and on the rate at which they 
appear. It is, of course, essential that no scintillations are present 
which cannot be perceived by either observer. 

As a general test of the efficiency of an observer the method is very 
useful. When the scintillations are produced by a particles of a few 
centimetres range and occur at a convenient rate, say about 20 per 
minute, even an untrained observer will count from 70 to 80 per cent, 
of the scintillations, and after some practice about 90 to 95 per cent. 
Under good conditions the efficiency of a trained counter is about 
95 per cent. * 

To obtain information a*bout the efficiency of an observer in count- 
ing very weak scintillations, two methods given bv Chariton and Lea 
may be used. In the simpler method a zinc sulphide screen is exposed 
to a particles of good range from a constant source, e.g. polonium, 
and the apparent intensity of the scintillations is reduced by varying 
the numerical aperture of the microscope. The manner in which the 
number of scintillations observed falls off as the numerical aperture 
is reduced determines the efficiency of the observer in counting scin- 
tillations of different known intensities. The second method is the one 
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used by Chariton and Lea to determine the smallest amount of light 
perceptible by the dark-adapted eye. Short flashes of light are pro- 
duced under conditions resembling as closely as possible those in 
which scintillations are counted. The duration of the flash and the 
colour of the light are adjusted to correspond to a scintillation. Such 
artificial scintillations occur regularly in time and in position, and are 
therefore more easily observed than actual scintillations. Neverthe- 
less, very useful tests of an observer may be made in this way. The 
minimum energy visually perceptible under these conditions is about 
20 quanta of green light for a trained observer, about 30 quanta for 
an untrained observer. 

It may be remarked that the superior efficiency of an experienced 
observer appears to be due to greater concentration, to control of 
spontaneous movements of the eye, and to practice in using the ex- 
central portions of the retina, thereby avoiding the insensitive 
fovea-centralis. 


§ 127. The chemical properties of the refclioactive elements. It 

is outside the scope of this book to give a detailed account of the 
chemical properties of the radioactive elements or of the methods 
which may be adopted for separating them from each other or from 
inactive matter mixed with them. A general account of their chemical 
behaviour can be simply and, for the present purpose, adequately 
given by comparison with the properties of the inactive elements. A 
large number of the radioactive substances are isotopes of well-known 
elements and their chemical properties are thus completely defined 
by reference to the latter. Thus : 


uranium I and uranium II are isotopes of the common element uranium 


thorium, radiothorium, j 

uranium X : , uranium Y, !- 

ionium, radioactinium j 

radium E, radium C, ) 

thorium C, actinium C / 

rddium B, radium I), 

thorium B, actinium B, 

and the end products, 

radium G, thorium D, and actinium D 

radium ( T t thorium C* f } 

actinium C* / 


do 

thorium 

do 

bismuth 

do 

lead 

do 

thallium 


The remaining radioactive elements are not isotopic with any of 
the common elements. They can, however, be divided into five sets, 
each containing a number of radioactive isotopes, and the properties 
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of each set may be defined by reference to the nearest element in the 
same group of the periodic table. Thus radium, which belongs to a 
group of four radioactive isotopes, is the higher homologue of the 
common element barium, and resembles it closely in chemical pro- 
perties; any reaction exhibited by barium or its salts is shown also 
by radium and its salts, but to a slightly different degree. 


radium, mesothorium 1, \ are isotopes and resemble in chemical 


thorium X, and actinium X J properties the common element 

barium 

radon, thoron, actinon 

do 

xenon 

actinium, mesothorium 2 

do 

lanthanum 

protactinium, uranium X 2 , 
uranium Z / 

do 

tantalum 

radium A, thorium A, actinium A, j 
radium C', thorium C', actinium C', 
polonium (radium F) ] 

do 

tellurium 


For a detailed account of the chemistry of the radioactive sub- 
stances the reader may consult F. Soddy, The Chemistry of the Radio- 
elements (Longmans, Green and Co.); A. S. Russell, An Introduction 
to the Chemistry of Radioactive Substances (Murray, 1922); and 
F. Henrich, Chemie und chemische Technologic radioaktiver Stoffe 
(Springer, 1918). 

§ 127 a. Methods of separation. In the prt paration of pure speci- 
mens of the radioactive elements certain difficulties arise which do 
not occur with the inactive elements. A preparation of an element 
may be said to be “chemically pure” when the presence of any other 
element cannot be detected by chemical means. A chemically pure 
preparation of an inactive element may, and often does, contain two 
or more isotopes, which are identical from the chemical point of view ; 
it is sufficient if all the atoms have the same atomic number. In the 
radioactive series, however, atoms of the same atomic number may 
not be identical in their radioactive behaviour, and it is in general 
much more important to obtain a radioactive element free from 
admixture with its radioactive isotopes than from foreign inactive 
elements. To take an example, it will be for most radioactive investi- 
gations more desirable to prepare radium free from mesothorium 1 
than from barium, although the latter preparation may be “chemi- 
cally pure.” We have thus to distinguish between “chemically pure” 
preparations and “radioactively pure” preparations. It is obvious 
that a radioactively pure preparation will not remain so, for the pro- 
ducts of disintegration will accumulate in course of time, at a rate 
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depending on the constants of transformation ; thus a preparation of 
radium will, after only a few hours, contain detectable amounts of 
radon and its active deposit of short life. It is therefore possible to 
prepare a radioactively pure specimen of a radioelement only for a 
limited period of time, before the products of transformation make 
themselves evident. 

In addition to the relatively stable elements uranium and thorium, 
only radium, radon, radium D, and protactinium have as yet been 
prepared in visible quantity in a pure state. The difficulty lies in the 
fact that the majority of the radioactive elements are isotopes of 
either active or inactive elements with which they occur naturally. 
As an example the case of radium D may be cited. Radium D cannot 
be obtained in a pure state from uranium minerals, although it is 
present in comparatively fair quantity, for other isotopes of atomic 
number 82 — the end products radium G, etc. — are generally present to 
a greater amount. It can, however, be obtained pure by the decay 
of radon, since the intermediate products are of short life. If a 
quantity of radon is introduced into a sealtfS tube and allowed to 
decay, radium D together with its transformation products radium E 
and polonium are found in a pure state on the walls of the tube. Old 
4 ‘radon tubes ” of this kind afford very convenient sources from which 
to obtain concentrated preparations of radium D, radium E, or 
polonium*. 

In the case of some of the radioelements a further difficulty may 
arise from the rapid rate of transformation; the life of the substance 
may be too short for the usual chemical methods of separation. In 
such cases a parent substance of suitably long Life may be first sepa- 
rated and used as a source of supply for the desired product, which 
may then sometimes be obtained by other than chemical methods, 
e.g. by recoil. 

A radioactive substance may be isolated from others not isotopic 
with it in one of the following ways : ( 1 ) by ofdinary chemical methods, 
(2) by electrochemical methods, (3) by differences in volatility, and 
(4) by the recoil method. Only a very general diqpussion of these 
methods and their limits of application can be given here. 

(1) Chemical methods. In the separation *of a radioelemenfc by 
chemical methods three cases may be distinguished. If the radio- 
element is present in visible quantity it may be precipitated from 
solution by reagents, according to the usual methods of inorganic 
* Cf. v. Hevesy and Pancth, Ber . d . D. Chem. Get. 47, 2784, 1914. 
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chemistry. Thus radium may be precipitated as sulphate by the addi- 
tion of sulphuric acid or a soluble sulphate, and thorium may be 
precipitated as hydroxide by the addition of ammonia or as oxalate 
by the addition of oxalic acid. 

In many cases the amount of the radioelement is much too small 
to give a visible precipitate; a visible quantity of an isotope of the 
substance may, however, be present. The radioelement will then be 
obtained mixed with this isotope, and cannot be separated from it by 
chemical means. In all precipitations the radioelement will be divided 
between precipitate and solution in exactly the same proportions as 
the isotopic element. As an example we may take the case of the 
separation of mesothorium 1 from a thorium mineral. According to 
the proportion of uranium in the thorium mineral, the mesothorium 
will be obtained mixed with a quantity of radium, with which it is 
isotopic. In the mesothorium preparations in commerce the radium 
impurity is responsible for about 20 to 30 per cent, of the y ray 
activity; the weight of the radium impurity is roughly a hundred 
times the weight of th£ •mesothorium. 

If no isotope is present in the material to form a visible precipitate, 
a small quantity either of an isotope or of a substance of similar 
chemical properties may be added. Thus the radiothorium grown in 
a preparation of mesothorium may be precipi ated as hydroxide by 
the addition of ammonia. To give a visible precipitate n few milli- 
grams of its isotope thorium, or of iron, may be added. The addition 
of an isotope for this purpose lias the disadvantage that the radio- 
element can never be separated from the added isotope, and it is 
often preferable to use a substance which is not isotopic but merely 
has convenient chemical properties. 

(2) Electrochemical methods. The electrochemical methods of sepa- 
rating radioactive substances are of great importance since they per- 
mit a substance to be obtained free not only from other radioelements 
but also from all other elements. These methods are, however, of very 
limited application, for few of the radioactive substances are electro- 
chemically noble # . Their use is mainly restricted to the separation of 
bodies in the active deposits. We shall deal here only with the active 
deposit of radium, but the methods described will of course apply 
equally to the active deposits of thorium and actinium. 

As is to be expected from the chemical behaviour of their isotopes, 
radium A, an isotope of polonium, is electrochemically more noble 
than radium C, an isotope of bismuth, and radium C is more noble 



554 SEPARATION OF RADIOACTIVE PRODUCTS 

than radium B, an isotope of lead. Consequently, if a solution of 
radium active deposit is electrolysed, radium A will separate out most 
easily and radium B least easily. If the electrolysis be carried out in 
such a way that the cathode potential does not rise above a certain 
amount, it will be possible to obtain the most noble of the radio- 
elements present in the solution in a pure state. Thus from a solution 
of radium (B + C) in weak HC1 or HN0 3 pure radium C can be 
obtained on the cathode if its potential be kept between — 0*08 and 
— 0*5 volt with respect to the normal calomel electrode. The 
deposition of radium B can be further hindered by the addition of 
a soluble lead salt to the solution; the very small quantity of lead 
deposited under the above conditions will then consist of inactive 
lead atoms and only a small proportion will be radium B atoms. 
Radium B is obtained on the cathode when the potential falls below 
E e = — 0*5 volt. 

A simpler method of obtaining pure radium C consists in dipping 
a polished plate of nickel into a solution of radium (B -f C) in hot 
weak hydrochloric acid. Nickel is less noble*than radium C and the 
latter deposits on the nickel surface in a practically pure state. Any 
radium A present in the solution will also be deposited on the 
nickel. 

The most important application of electrochemical methods is in 
the preparation of sources of polonium (radium F) from a solution of 
radium D*. The radium D may be separated, with lead, from uranium 
minerals or, without lead, from an old radium salt or by the decay 
of radon in a closed vessel. In a weakly acid solution of radium 
(D -f E +F) the F or polonium will deposit when the cathode potential 
is less than E c — + 0*35 volt. When the potential falls to E c — — 0*08 
volt radium E will also be deposited and at E c « — 05 volt radium D 
will begin to deposit. It is not always practicable to measure the 
potential of the cathode with respect to the calomel electrode. As a 
rough working rule it may be taken that in*^ 7 normal nitric acid pure 
polonium will be obtained with a current density of 3 x 10- 6 amps./sq. 
cm. and that radium E will deposit when the current density rises to 
about 1*0 x 10” 8 amps./sq. cm. The electrode may be either gold or 
platinum according as it is desired to remove#the polonium by solu- 
tion or by distillation. Polonium cannot be entirely removed from 
a platinum surface by solution in acid, but it can be removed by 

♦ Cf. Paneth and v. Heresy, Wien. Ber. 122, 1037 and 1049, 1913; v, Hevesy and 
Paneth, Wien . Ber . 128, 1019, 1914. 
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distillation; on the other hand, in distilling polonium from a gold 
surface a trace of gold, often distils with it. 

It may often be convenient to obtain radium D, as superoxide, on 
the anode by electrolysis from a 10 per cent, nitric acid solution. 
Polonium can also be deposited as superoxide on the anode under 
suitable conditions, but this separation is not quantitative. 

Polonium and radium E can also be obtained from a solution of 
radium (D -f E -f F) in weak hydrochloric acid by dipping into the 
solution a plate of nickel. If it is desired to prepare a source of pure 
radium E the polonium must first be removed either by electrolysis 
or by the nickel method. Owing to the great difference in the rates 
of transformation of the bodies a large fraction of the radium E will, 
after a few days, be present in the solution while the amount of 
polonium formed in the same time will be very small. As in the case 
of the separation of radium C from a solution of the active deposit, 
it may often be of advantage when preparing sources of E or F to add 
a small quantity of a soluble lead salt to the solution of radium D. 

Polonium can also bt # obtained from a radium D solution without 
the application of current by deposition on silver, a method first 
given by Marckwald* and developed later by I. Curief. If a silver 
button is rotated in a solution of pure radium D (free from lead) in 
In IICl, practically the whole of the poloniun deposits on the silver. 
Very strong sources of polonium can be prepared by this method on 
a relatively small surface. This method has also been investigated by 
Erbaoher and Philipp J, who separated from a radium D solution first 
the polonium by deposition on silver, the E by deposition on nickel, 
and finally the D by electrolysis. 

The electrochemical methcd of separation can be applied also to 
the less noble radioactive substances, such as radium, thorium, 
mesothorium 2, and their isotopes. In these cases the separation is 
an indirect action; the electrical current transports the ions of the 
substance to the cathode, Vhere they are precipitated chemically and 
under suitable conditions form a coherent deposit on the electrode. 
Since the chemiqal action at the cathode cannot in general be con- 
trolled, a separation of one substance from another of similar chemical 
properties is not possible in the case of the less noble radioelements. 
Nevertheless, the method may be of great value for such experiments 

♦ Marckwald, Ber. d. D. Chcm . Ges . 38, 593, 1905. 
f I. Curie, Joum . Chim. phys. 22, 471, 1925. 
x Erbacher and Philipp, Zeit. /. Phys. 51, 309, 1928. 
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as those in which the magnetic spectrum of the rays is to be 
examined, where it is desirable to have a line source of the radio- 
element. Electrochemical methods were first applied to the less 
noble radioelements by Hahn and Meitner* * * § for the preparation of line 
sources of radium, uranium Xj (a thorium isotope), and mesothorium 
2 (an actinium isotope). The processes concerned in the electrolysis 
of these substances were examined systematically by Todtf, who has 
defined more precisely the experimental conditions under which they 
can be obtained with a reasonable yield and in a coherent deposit. 

(3) Volatilisation. A partial separation of the bodies comprising the 
active deposits can be obtained by the effects of temperature, for the 
B bodies volatilise more readily than the A bodies and the A bodies 
more readily than the C bodies. The values given by different workers 
for the volatilisation temperatures of the active deposit products vary 
considerably, and it is not always clear whether the experiments 
were concerned with the elements or with their chemical compounds. 
According to Russell J neither radium A, B, nor C volatilises from a 
quartz surface in the presence of oxygen »At temperatures below 
700° C., and radium C under these conditions volatilises at a tempera- 
ture greater than 1200° C. ; in the presence of hydrogen, however, all 
three products are completely volatilised below 650° C. In the latter 
case the products are presumably present as elements, and in the 
former as oxides. Loria§ showed that the amount of volatilisation 
depends on the nature of the surface on which the active matter is 
deposited and also on the way in which the deposit has been obtained ; 
thus thorium C deposited electrolytically on a platinum foil does not 
volatilise as readily as when deposited by exposure to the emanation. 

The volatilisation process is not a very effective method of sepa- 
rating one radioactive substance from another, though it may some- 
times be useful in the case of products of short life. It is of more 
importance as a method of transferring a product -from one support 

to another, and it has been much used for'this purpose ||. 

A very simple apparatus for volatilising polonium.has been described 
by Rona and Schmid t^f, and employed by thern for transferring 

* Meitner, Phys . Zeit. 12, 1094, 1911 ; Hahn and Meitner, Phys. Zeit. 14, 758, 1913; 
10, 6, 1915. 

t Tddt, Zeit. f. phys. Chem. 113, 329, 1924. 

t Russell, Phil. Mag. 24, 134, 1912. 

§ Loria, Wien. Ber. 124, 567 and 1077, 1915. 

!! Cf. Russell and Chadwick, Phil. Mag. 2TI, 112, 1914. 

11 Rona and 8chmidt, Wien. Ber. 137, 103, 1928. 
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polonium deposited electroiyticaliy on a platinum foil of relatively 
large area to a small disk or the end of a thin rod. In this way the 
polonium from a number of electrolyses may be concentrated into one 
source, and very large amounts of polonium may be obtained on a 
small area. 

(4) The recoil method. The importance of the recoil method in 
separating radioactive substances in a [lure state has already been 
pointed out in § 31, where the main features of both a ray and ft ray 
recoil have been discussed. From its nature this method is most 
effective when it is desired to obtain a body which results from an 
a ray transformation, and it has mainly been used in the analysis of 
the active deposits. Thus the product thorium C* may be obtained by 
placing a negatively charged plate near a plate coated with the active 
deposit of thorium. The recoil atoms of thorium C" resulting from the 
a ray transformation of thorium C carry, in air, a positive charge and 
collect on the negatively charged plate. 

Thorium C* prepared by this method should be free from any other 
matter, whether active br inactive. It is found, however, that a very 
small amount of the parent active deposit always appears on the col- 
lecting plate. This spontaneous transference of active matter from the 
surface of a plate to other surfaces close to it has often been observed. 
It was attributed by some workers to a slignt volatility of active 
deposit at ordinary temperatures, by others to the recoil of a compact 
cluster of atoms of the active matter when one of the atoms contained 
in the cluster disintegrates with the ejection of an a particle. Lawson* 
showed that the latter explanation was the correct one, and he gave 
to the phenomenon the name of ‘‘aggregate recoil.” He measured 
the amount of aggregate recoil when the active matter (polonium) 
was deposited on different materials, and he found that it was least 
from the surface of an easily oxidisable metal. He showed that ag- 
gregate recoil may under certain conditions interfere seriously with 
measurements of the half-value period of the active matter. Lawson 

also investigated the part played by “sputtering” of the metal on 
which the active. matter was deposited, due to bombardment by the 
a particles. He found that the loss of active matter due to this cause 
was in general less than 1 per cent, of the loss due to aggregate recoil. 

From his results Lawson concluded that many of the clusters or 
aggregates of atoms of the active matter deposited on a foil must 
consist of at least three atoms. The tendency of radioactive atoms to 
* Lawson, Wien . Ber . 127, 1, 1918; 128, 796, 1919; Nature , 102, 465, 1919. 
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form aggregates was observed early in the history of radioactivity 
by different workers. In recent experiments Chami6* has obtained 
evidence that the active matter, whether deposited by the action of 
the emanations or chemically from solution, is not uniformly dis- 
tributed but consists largely of groups or aggregates which may con- 
tain a million or more atoms. Harrington f also has observed the 
presence of aggregates on Surfaces which had been exposed to the 
emanation of radium. He suggests that most of the aggregates are 
actually formed in the gas itself by the combination of active deposit 
ions, possibly facilitated by the presence of molecules of water-vapour 
or of any other substance not able to leave a combination once formed. 
On the other hand, the presence of aggregates in solutions of active 
matter is attributed by Hahn and WemerJ to the tendency of the 
active deposit bodies, notably the C products, to the formation of 
colloids. They consider that the aggregates occur in solutions only 
when the chemical natures of the radioelement and of the solution are 
such that hydrolysis can take place. The products of the hydrolysis 
are adsorbed on impurities, such as particles <rf dust or colloidal silica, 
which are always unavoidably present. 

§ 128. The preparation of sources of radon, radium active 
deposit, and thorium active deposit. In most physical laboratories 
the greater part of the stock of radium is kept in solution and the 
radon grown by the radium is collected from time to time as it is 
required to provide sources of radon or radium active deposit. Various 
forms of apparatus have been devised § for the collection of the radon 

and for its purification; we shall give here a very brief description of 

the methods adopted in the Cavendish Laboratory. 

The radium solution, in weak hydrochloric acid, is contained in a 

glass bulb which may be connected through a stopcock to a Toepler 

pump. When it is desired to collect the radon the stopcock is opened 

and the radon, mixed with the gases formed by the action of the 

radiations on the solution, is allowed to expand into the pump, from 

which it is transferred to a burette or tube standing in mercury. The 

gases with which the radon is mixed consist mainly of hydrogen, 

oxygen, and ozone from the water of the solution, and carbon dioxide 

(with perhaps some hydrocarbons) from organic matter such as tap- 

• Ghamte, C.R. 184, 1243, 1927; 185, 770, 1277, 1927; 188, 1838, 1928. 
f Harrington, Phil. Mag . 6, 685, 1928. 

X Hahn and Werner, Natumnsa. 49, 961, 1929. 

| Cf. Duane, Phya. Rev. 5, 311, 1915; Hew, Phil. Mag. 47, 713, 1924. 
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grease, with traces of chlorine and helium. The volume of the electro- 
lytic gases will depend on the amount of radium present and on the 
time which has elapsed since the last collection of radon. With a 
solution containing 250 mg. Ra about 30 c.c. of mixed gases are pro- 
duced in one week. The concentration of radon in the mixed gases is 
therefore less than 10~ 5 . 

The mixed gases are first transferred t6 a gas pipette and exploded 
by sparking to remove the hydrogen and oxygen. It is usually of 
advantage to add oxygen in order to remove completely any excess 
hydrogen. Excess oxygen is easily removed by means of phosphorus. 
The residual gases, now about 0-5 c.c. in volume, are then introduced 
over mercury into a small tube containing a piece of caustic potash to 
absorb the carbon dioxide. If the radon is required for the purpose of 
preparing active deposit sources, no further purification will usually 
be required. 

For the preparation of radon tubes it is generally sufficient to con- 
dense, by means of liquid air, the radon in the mixed gas partially 
purified by sparking add exposure to P 2 0 5 and KOH, and to pump 
off the uncondensed gases. The radon is then allowed to expand and 
compressed by a column of mercury into a tube or bulb. It is, however, 
sometimes necessary to prepare very small strong sources of radon and 
in such cases a much higher degree of purity is required. The mixed 
gases, after sparking, are introduced into a purification apparatus*, 
in which they are brought into contact with heated copper and copper 
oxide to remove hydrogen, oxygen, and any hydrocarbons. The gaseous 
products of the combustion, carbon dioxide and water- vapour, are 
then absorbed by P 2 0 5 and KOH. The radon can then be condensed 

in a side tube and any uncondensed gases removed by pumping. This 
method, if used with care, will yield radon of about 50 to 70 per cent, 
purity, and it is a comparatively simple operation to compress 

100 millicuries of* radon into a volume of less than 1 c.mm. 

The main difficulty in purifying radon arises from the fact that the 
volume of radon to be purified is seldom more than 0*1 c.mm. The 

partial pressure gf the radon in the purification apparatus is therefore 

very small; for example, the partial pressure due to 100 millicuries 

in a volume of 50 c.c.*is about 1-3 bar. While the permanent gases 
may be removed by pumping after condensation of the radon by 
means of liquid air, the condensable impurities must be removed by 
chemical means. Chemical agents are not efficient enough for these 
* Cf. Wertenstein, Phil. Mag. 6, 1017, 1928. 
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conditions, and the reactions are rather slow at low pressures, The 
most troublesome impurity is carbon dioxide, which is strongly 
adsorbed by old glass surfaces and is also produced by the action of 
the radiations on organic matter. The use of greased taps must be 
avoided in the purification apparatus. The simplest method of re- 
moving the carbon dioxide is to leave the gas in contact with KOH 
for about 24 hours. * 

In hospitals and laboratories where large quantities of radon are 
frequently dealt with, the apparatus for removal and purification of 
the radon is designed to work as automatically as possible, in order 
to reduce to a minimum the exposure of the operator to the radiations. 
The physiological action of the radiations and the precautions to be 
taken when handling radon tubes and active sources have been 
mentioned in § 41. 

Active deposit sources. Sources of radium active deposit are pre- 
pared by exposing a disk or wire to radon in a suitable vessel. Radium 
A, the first product of the disintegration of radon, is a solid and de- 
posits on surfaces exposed to radon. Since* tlf£ majority of the recoil 
atoms of radium A are positively charged (p. 150), the yield of active 
deposit can be increased by charging the exposed disk or wire nega- 
tively with respect to the surrounding surfaces. If the disk is exposed 
for a short time only, practically pure radium A will be obtained 
(cf. p. 12). To obtain A, B, and C in equilibrium the time of exposure 
to the radon should be, when no field is applied, about 4J hours. It 
is found that when the disk is negatively charged equilibrium is 

attained after about 2 hours’ exposure. To obtain on the disk a satis- 
factory proportion of the available active matter it is important that 

the area of the disk should be as large a fraction as possible of the 

total area exposed to the radon. 

When the source of active deposit is required the radon is pumped 

off and collected over mercury. The disk is remov'xi, washed in 

alcohol, and heated to about 400° C. in a*n evacuated quartz tube 
to remove any radon which may be occluded in the surface of 

the disk. . 

In preparing wire sources of active deposit it is advantageous 

to surround the wire with a cylinder of iron or nickel charged 
positively with respect to the wire*. It may be noted that the 
active matter may not be deposited uniformly over the surface of 
the wire. 

* Henderson, Nature , 114, 503, 1924. 
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Pettersson* * * § has obtained a high yield of active deposit on a disk 
by condensing the radon on the surface of the disk. After 4 hours the 
active deposit reaches equilibrium, the radon is pumped off and the 
disk removed. When this method is used a plate or foil may be sup- 
ported above the disk to catch the recoil atoms from the disintegrating 
radon, and thus a second source may be prepared at the same time. 

Jedrzejowskif has prepared sources by compressing purified radon 
into a short capillary tube. After 4 hours the radon is pumped off and 
the active deposit is removed from the capillary by solution in hydro- 
chloric acid. The active matter is then obtained by evaporating the 
solution on a suitable support. 

Very strong wire sources of active deposit have been prepared by 
RosenblumJ by introducing a glass or platinum wire, a few tenths of 
a millimetre in diameter, into a capillary tube containing purified 
radon at atmospheric pressure. The radon is sealed from the atmo- 
sphere by a short column of mercury, through which the wire is intro- 
duced and removed. Using quantities of radon of about 500 milli- 
curies, Rosenblum obtWnod half the total active deposit on the wire. 

A very simple arrangement for collecting the radon from a radium 
preparation has been given recently by Halm and Heidenhain§. They 
have succeeded in making solid radium preparations of very high 
emanating power which preserve this property ior at least a few years. 
The radium preparation is contained in an evacuated vessel which, 
when radon is required, can be connected through a stopcock to a 
capillary tube. The radon is condensed in the capillary tube by means 
of liquid air and sealed off. Owing to the absence of water no puri- 

fication is necessary. 

Thorium active deposit. Owing to its short period thoron itself can- 
not be used for the preparation of strong sources of radiation, but 

in conjunction with a parent substance it will supply strong pre- 
parations of thorium active deposit. As a parent source of thoron it 
is general to use the substance radiothorium, which has a conveniently 

long period of nearly two years. Preparations of radiothorium can 

be obtained in a # highly emanating condition by a method due to 
Hahn 1 1. A small quantity of iron chloride is added to the radio- 

* Pettersson, Wien. Ber. fS2, 155, 1923; Ortner and Pettersson, W'm. Ber . 183, 
229 1924. 

t Jedrzejowaki, C.R. 182, 1536, 1926. 

j Rosenblum, C.R. 188, 1549, 1929. 

§ Hahn and Heidenhain, Ber . d. D. Chem. Oes. 59, 284, 1926. 

|| Hahn, Ann. d. Chem. 440 , 121, 1924. 
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thorium solution and precipitated by ammonia. The precipitate, the 
hydroxides of iron and radiothorium, is washed very carefully and 
dried at ordinary temperature. The preparation should have an 
emanating power of about 80 per cent, and should retain it for many 
months. The radiothorium preparation is spread in a thin layer at the 
bottom of a small metal vessel, and the active deposit is collected on 
an insulated plate or wire* charged negatively with respect to the 
vessel. 

§129. The measurement of quantities of radium. It is important 
in many experiments to measure accurately the amount of radium 
present in a preparation of a radium salt. Two general methods have 
been used: (1) the y ray method, which is suitable for measuring 
quantities varying from 1/100 of a milligram to 1 gram, and (2) the 
emanation method, for quantities of radium of the order of one- 
millionth of a milligram. 

The y ray method. This method of measurement depends on the fact 
that the radium in a radium salt sealed in a tftt>e so that no radon can 
escape will, after about one month, be in equilibrium with its products 
of short life, and will therefore emit penetrating y rays with an inten- 
sity proportional to the amount of radium present. The intensity of 
the y radiation from the preparation to be tested is compared with 
that due to a radium standard, a preparation containing a known 
quantity of radium. 

The intensity of the y rays may be measured by means of a simple 
electroscope or by use of a suitable ionisation chamber and some form 

of sensitive electrometer. The walls of the electroscope or ionisation 

chamber must be thick enough to absorb completely the ft radiation 
from the radium preparation; then, provided that the electric field 
in the chamber is sufficient to produce saturation, the ionisation 

current is a measure of the intensity of the y rays* 

The form of electroscope used in the Cavendish Laboratory consists 
of ft cubical box of aluminium with a spherical cavity, provided with 

the usual gold-leaf system. The electroscope is covered with a sheath 

of lead of thickness about 1 cm. The volume of the cavity is about one 
litre, the capacity of the insulated system is ebout one or two centi- 
metres, and the sensitivity, as measured by a tele-microscope of 
magnification about x 20, is about one division of the eye-piece scale 
per volt. With such an electroscope, the rate of movement of the 
gold-leaf over a selected part of the scale is proportional to the ionisa- 
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tion over as wide a range as can be used effectively for accurate 
measurement. The procedure in making measurements with an elec- 
troscope is as follows. A standard radium preparation is placed some 
distance from the electroscope and the rate of movement of the gold- 
leaf is measured. The preparation to be compared with the standard 
is placed at exactly the same distance from the electroscope and the 
rate of leak again observed over the satne portion of the scale. If 
the electric field is sufficient to give saturation, and if the rate of 
movement of the leaf is proportional to the ionisation current, the 
quantity of radium in each preparation will be proportional to the 
rate of leak corrected for the natural leak of the electroscope. If a 
number of observations are taken, the comparison should be accurate 
to within one-half per cent., provided that the quantities are not very 
different in amount. If this is not the ca^se, the distances of the radium 
preparations from the electroscope may be adjusted so as to give 
about equal rates of leak. The rate of leak produced by a preparation 
will be inversely proportional to the square of its distance from the 
electroscope, provided *ttiis is large compared with the dimensions of 
the « lectroseope, but a correction must be made for the absorption 
of the y rays in their path through the air to the electroscope. It may 
in some cases be necessary to apply a correction for the absorption of 

the y rays in the tube containing the radium preparation and in the 
radium preparation itself. The preparations should be placed at such 
a distance from the electroscope that errors due to distribution of the 
radium in the tube are small. 

An account of the development of the electroscope as an instrument 

of precision for y ray measurements has been given by Bastings*, 

who has considered the various factors which tend to limit the accuracy 
of measurement. 

The combination of ionisation chamber and electrometer has been 

used in many different forms. A convenient arrangement is that in 

which the chamber is cylindrical in shape, with walls of lead about 
1 or 2 cm. thick and an insulated plate electrode. The ionisation 

current is measured by means of a Compton electrometer, using the 

Townsend compensation method. Care must be taken to ensure 
saturation for the greatest currents to be measured. The procedure 
in comparing the y ray activity of a radium preparation with that 
due to the radium standard is similar to the procedure described above 
0 when using an electroscope. 

* Bastings, Joum. Sci, Inst . 5, 113, 1928. 
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A balance method for accurately comparing quantities of radium 
has been devised by Rutherford and Chadwick*. The radium pre- 
paration is placed at such a distance from a lead ionisation chamber 
hat the ionisation current in the latter due to the y rays from the 
radium is balanced against an equal and opposite ionisation current 
supplied by a constant source of radiation, e.g. uranium oxide in 
another ionisation chamber. The balance distances are determined 
for the test preparation and for the radium standard with which it 
is to be compared. From these distances the quantity of radium in 
the test preparation can be accurately determined. A small correction 

is necessary for the absorption of the y rays by the air. By this 

method the quantity of radium in a preparation may be determined 
to about 1 part in 400. 

Another reliable method has been used by Mme Curie. The radium 
is placed on top of a large plate condenser consisting of two sheets of 
lead. The ionisation current between the lead plates when a large 
potential difference is applied is balanced by the use of the quartz 
piezo-electrique. St. Meyer has used, withP # satisfactory results, a 
similar ionisation chamber and a AVulf electrometer as measuring 
instrument. 

It will be noted that in these methods of comparing quantities of 
radium, it is not necessary to open the tube containing the radium. 
Such a method of estimation is only possible in the case of a radio- 
active element like radium which emits a very penetrating radiation. 

It is important that the tube containing the radium preparation 

should be hermetically sealed for about a month before observations 

are made. In this way the possible error due to escape of emanation 

and consequent decrease of the y radiation is avoided. 

It should, however, be pointed out that these methods of comparing 
quantities of radium are only applicable when the preparation does 

not contain radiothorium or mesothorium. Both of these latter sub- 

stances give rise to y rays of about the same penetrating power as 
those emitted by radium, and their presence can only be detected by 

further examination of the preparation. 

The methods above outlined can be used not only for comparing 
quantities of radium but also for comparing quantities of radon and 
of the product radium C. It is often necessary to obtain a measure 
of the quantity of radon contained in a sealed tube. About 4 hours 
after the emanation is introduced, the y ray effect reaches a maximum, { 
* Rutherford and Chadwick, Proc. Phy». Soc . 24, 141, 1012. 
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and thereafter remains very nearly proportional to the amount of 
radon in the tube. The y ray effect due to the radon is then compared 
with that due to the standard quantity of radium, and expressed in 
terms of milligrams of radium. 

The y ray activity of the radon, after reaching its maximum, decays 
exponentially with the time with a half -value period of 3*82 days. 
Consequently the amount of radon present at any time can be calcu- 
lated from observations made some time after its separation. The 
reason that the y ray method can be used both for radium and its 

emanation depends on the fact that the penetrating y rays arise not 
from radium itself but from its products, radium B and radium C. 
For reasons discussed in § 4, the quantity of emanation is about 
0*0 per cent, less than that determined by direct comparison of its 
y ray effect with that of the radium standard. In a similar way, we 
can measure by the y ray method the amount of the product radium C 
in terms of the amount in equilibrium with the radium standard. In 
this case, however, i^ :s desirable to pass the rays through a lead 
screen about 1 cm. thick in order to absorb the less penetrating y rays 
from radium B (see § 103). It may bo mentioned here that Hahn has 
utilised the y ray method to standardise very active preparations of 
mesothorium and radiothorium. Both of these substances give rise 
to y rays of approximately the same penetrating power as those from 

radium. Consequently the amount of mesothorium present may con- 
venient ly be expressed in terms of the quantity of radium which 
would give the same y ray effect. In § 103 an account is given of an 

absorption method devised by Bothe to estimate the quantity of 
mesothorium and radiothorium mixed with a sealed radium pre- 
paration. 

Emanation method. The accurate determination of minute quantities 

of radium is often of such importance in radioactive work that it is 
desirable to give a fairly complete account of the most suitable 

methods adopted for this purpose. The emanation method depends 

on the fact that Adium produces a characteristic emanation, radon, 
of a comparatively long period of transformation, which can be com- 
pletely separated from radium solutions. If a radium solution is con- 
tained in a sealed vessel, the radon present reaches its equilibrium 
quantity in about one month, and the amount present is then pro- 
portional to the content of radium. Since the radon can be completely 
expelled from a solution by boiling, the amount Q t of radon present 
at a time ( after boiling the solution is given by Q t jQ = I - e - **, 
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where Q is the maximum quantity and A = 0-182 (day)- 1 ; the interval 
of collection being expressed in days. The amount of radon in the 
specimen under examination can be compared directly with the 
amount of radon from a standard solution by introducing the radon 
mixed with air into a suitable electroscope, or into a suitable testing 
vessel connected with an electrometer. Under the proper conditions, 
the saturation currents due to the radon from the two solutions are 
proportional to the quantities of radium present. For comparisons of 
this kind, it is necessary to prepare a standard radium solution. This 
can be simply done in the following way. A quantity of radium salt 
is accurately determined by the y ray method in terms of the radium 
standard. Suppose, for example, the radium salt contains 1 mg. 
of radium. This radium salt is dissolved in water and hydrochloric 
acid added to ensure complete solution. By adding distilled water, 
the volume is then increased to a known amount, say 1 litre'. A 

definite fraction of this solution, about 1 c.c., determined by weight 

or by an accurate pipette, is removed, and t^is is again diluted to 
1 litre. Under these conditions 1 c.c. of ’the last solution should 
contain 1/1,000,000 of a milligram of radium. For most experi- 
mental purposes, this will serve as a convenient standard radium 
solution, for it gives a reasonable rate of leak in an emanation 
electroscope. 

This method of solution can obviously be used to obtain a standard 
solution of any strength desired. In preparing such standard solu- 
tions, it is essential to take great precautions that the radium is 

initially in solution, and that the solutions are thoroughly mixed. In 
addition, it is necessary to add hydrochloric acid to the solutions to 
ensure that the radium will remain permanently dissolved. The im- 
portance of this procedure is exemplified by the difficulties that arose 
in the case of the first standard solutions prepared by Rutherford, 
where no acid was added. Eve* found some years lator that a large 

part of the radium had been precipitated from the solution in a non- 
emanating form on the surface of the glass vessel. The amount of 
radon to be obtained from such solutions was consequently much less 

than that to be expected from the amount of radium present. The 

method outlined above for the preparation* of standard solutions 
was used by Rutherford and Boltwoodf, and has proved quite 

satisfactory. 

* Eve, Amer. Joum. Sci . 22, 4, 1906. 

t Rutherford and Bolt wood, Amer. Joum. Sci. 20, 55, 1905; 22, I, 1906. 



MEASUREMENT OF QUANTITIES OF RADIUM 667 

After introduction into a flask, the radium solution is boiled so as 
to expel all the emanation present ; the containing flask is then sealed 
before the solution becomes cold. About one month later the radon 
approximately reaches its equilibrium amount, and is then removed. 
For this purpose the end of the tube is opened and air rushes into the 
partially exhausted vessel so that no radon can escape. The solution 
is boiled, and the radon mixed with air’is collected over a surface of 
boiling w r ater. The radon is then transferred into a partially exhausted 
electroscope. Boltwood has shown experimentally that the radon is 
completely removed from a solution by rapid boiling for several 
minutes. It is necessary to collect the radon over hot water in order 
to prevent its partial absorption bv the water. If the water is nearly 
at boiling tern po rat lire, the absorption is very small. The rate of leak 
due to the radon in the electroscope increases rapidly at first and then 
more slowly, reaching a maximum at about 3 hours after the 

introduction of the radon. This increase is due to the production by 
the radon of its products, radium A, B, and C. For accurate work, 
it is desirable to determine the rate of leak when this maximum is 
reached. When the measurements are completed, the electroscope is 
completely freed from radon by aspiration or by exhaustion, and the 
instrument is again ready for use when the active deposit has decayed. 

This emanation method is a very certain and delicate method of 
determining the quantity of radium in a solution. The radon from 
1 'l, 00' >,000 of a milligram of radium gives a comparatively rapid 
discharge, and with care 1/100 of this quantity can be measured with 
certainty. In the earlier observations of the amount of radium in 
solutions, it was usual to aspirate air through the solutions, and to 

measure the ionisation produced by the released radon under definite 
conditions in the electroscope. Unless the greatest precautions are 
taken that the conditions of successive experiments are identical, it is 
difficult to obtain an accurate comparison by this procedure. The 

method of boiling the sblution is undoubtedly far more certain and 
reliable. 

§130. International Radium Standard. A number of magnitudes 

connected with radiufti are capable of measurement with considerable 
accuracy, for example, the rate of emission of a particles, the pro- 
duction of helium, the volume of the emanation, the heating effect, 
and the total ionisation. The values of all these quantities depend 
on the purity of the radium standard which is employed. In order to 
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compare the values obtained by different workers, it is thus of great 
importance that they should be expressed in terms of the same radium 
standard. In order to meet this purpose, the Congress of Radiology 
and Electricity held in Brussels in 1910 appointed a Committee to 
make arrangements for the preparation of an International Radium 
Standard. In the course of the following year, Mme Curie prepared 
a standard containing, in August 1911, 21*99 mg. of pure radium 
chloride sealed up in a thin glass tube. In March 1912 the Committee 
met in Paris and compared the standard of Mme Curie with similar 
standards prepared by Honigschmid from the material in the posses- 
sion of the Academy of Sciences of Vienna, which had been purified 
for atomic weight determinations. The Vienna standards consisted of 
three tubes containing lO- 11, 31*17, and 40*43 mg. of radium chloride. 
In all cases the preparations had been obtained from the uraninite 
at Joachimsthal, which contains only a small trace of thorium. The 
relative quantities of radium in the standards prepared in Paris and 
Vienna were determined by the two balance methods described on 
p. 564. The comparison showed that the standards agreed within the 

limits of error of measurement, and certainly within 1 part in 300. 

The standard prepared by Mme Curie was accepted as the Inter- 
national Radium Standard, and it was arranged that it should be 

preserved in the Bureau International des poids et mesures at S£vre, 
near Paris. It was also arranged that one of the Vienna preparations 
should be preserved as a secondary standard in Vienna. The prepara- 
tion containing at that time 31*17 mg. of radium chloride was selected 

for this purpose by the Vienna Academy of Sciences. 

The Committee made arrangements for the preparation of duplicate 
standards for Governments which desire them. These duplicates are 

prepared in the Institut fur Radiumforschung, Vienna. They are com- 
pared by the y ray method with the official secondary standard in 
Vienna and with the International Standard in Parft. 

The English duplicate standard is preserved in the National 

Physical Laboratory. It contained, in October 1912, 21-13 mg. of 
radium chloride, RaCI*. A radium preparation may ie standardised 

by sending it to the National Physical Laboratory, where it will be 

oompared, by the y ray method, with this duplicate radium standard. 
The amount of radium in a standard diminishes with time and a 

correction is required to give the amount of the radium standard at 

any subsequent time- The diminution is at the rate of 4 parts in 10,000 
per year. 



APPENDIX 

Constants 

Th© following values for the fundamental constants have been used, 
in the numerical calculations in this book. A comprehensive survey 
of the experimental material and a table of the most probable values 
of the constants (as on January 1st, 1929) hits recently been given by 
Birge*. The accuracy of the radioactive data is not sufficient to justify 
a recalculation at this stage. The greatest uncertainty lies in the value 
of Q (see p. 63), which may be 0*5 per cent, too high. 


Constant 

Symbol i 

Value use<l 


Birge j 

Electronic charge 

e 

4-774 

X 10~ 10 e.S.U. 

(4-770 

± 0-005) x 10~ 10 e.a.u. 

Specific electronic charge 
Velocity of light 

e'm 

1-769 

x 10 7 e.m.u.' grain 

(1-769 

±0*002) x 10 7 e.m.u./gram 

r 

3-000 

x 10 10 cm./see. 

(2 >97 

)6 ± 0-00004) x 10 10 cm./sec. 

Planck constant 

h 

« 55 > 

; 10 27 erg. sec. 

(0-547 

± 0-008) x 10 -27 erg. sec. 

Number of a particles j 

<2 

3-70 > 

, 10 10 per gram per 


— 

emitted from 1 gram of 


sec. 




radium per sec 





_ .. 



* R. T. Birge, Reviews of Modern Physics, 1, 1, 1929. 
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List of the elements , their atomic numbers and atomic weights 


1 Hydrogen 

2 Helium 

3 Lithium 

4 Beryllium 

5 Boron 

6 Carbon 

7 Nitrogen 

8 Oxygen 

9 Fluorine 

10 Neon 

11 Sodium 

12 Magnesium 

13 Aluminium 

14 Silicon 

15 Phosphorus 

16 Sulphur 

17 Chlorine 

18 Argon 

19 Potassium 

20 Calcium 

21 Scandium 

22 Titanium 

23 Vanadium 

24 Chromium 

25 Manganese 54-95 

26 Iron 55-84 

27 Cobalt 58-95 

28 Nickel 58-69 

29 Copper 63-55 

30 Zinc 65-38 

31 Gallium 69-72 


32 Germanium 

72-60 

33 Arsenic 

74934 

34 Selenium 

79 2 

35 Bromine 

79-915 

36 Krypton 

82-9 

37 Rubidium 

*5-43 

38 Strontium 

87-03 

39 Yttrium 

88-93 

40 Zirconium 

91-2 

41 Niobium 

93-3 

42 Molybdenum 

96-0 

43 Masurium 

— 

44 Ruthenium 

101-65 

45 Rhodium 

102-9 

46 Palladium 

106-7 

47 Silver 

107-880 

48 Cadmium 

11240 r 

49 Indium 

114 8 

50 Tin 

118-70 

51 Antimony 

121-76 

52 Tellurium 

127*5 

53 Iodine 

126-932 

54 Xenon 

130-2 

55 Caesium 

132-81 

56 Barium 

137*36 

57 Lanthanum 

138-90 

58 Cerium 

140 2 

59 Praseodymium 

140-9 

60 Neodymium 

144*25 

61 Illinium 

— 

62 Samarium 

150-43 


63 Europium 

152-0 

64 Gadolinium 

157-0 

65 Terbium 

159-2 

66 Dysprosium 

162-46 

67 Holmium 

163-5 

68 Krbium 

167-6 

69 Thulium 

169-4 

70 Ytterbium 

173-0 

71 Lutecium 

175-0 

72 Hafnium 

178-6 

73 Tantalum 

181-3 

74 Tungsten 

184-1 

75 Rhenium 

188-7 

76 Osmium 

191-0 

77 Iridium 

19304 

78 Platinum 

195-2 

79 Gold 

197-21 

80 Mercury 

200-60 

81 Thallium 

204-3 

82 Lead 

207-22 

83 Bismuth 

209-00 

84 Polonium 

210 

85 

— 

86 Radon 

222 

87 — 

— 

88 Radium 

22597 

89 Actinium 

227 

90 Thorium 

232-12 

91 Protactinium 

231 

92 Uranium 

238*18 


A table of isotopes will be found on p. 522. 

1-0078 
4-0022 
6-94 
9-02 
10-83 

12-0036 
14-008 
160000 
1900 
20- 18 

23- 000 

24- 30 
26-97 
28-08 
30-98 
32065 
35-457 
39 94 
39-105 
4009 
45-15 

47-90 
50-95 
5204 



Periodic table of eUmenU 
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Artificial disintegration by a particles . 

The discussion (§ 72) of artificial disintegration by a particles needs 
some revision in the light of recent work. In § 72 the deduction 
was made from certain experiments that the energy change in a dis- 
integration was not always the same, and it was suggested that 
perhaps all nuclei of the same typo were not identical hut could have 
masses differing by very small amounts. This would be the case if 
the energy levels of the protons or a particles in the nucleus were not 
well defined. Such a supposition is, however, difficult to reconcile 



with the modem views of nuclear structuft. It has been suggested 
by Chadwick and Gamow*, partly on general grounds and partly on 

the basis of experiments by Chadwick, Constable, apd Pollardf, that 

the process of artificial disintegration of a nucleus by collision of an 

a particle may take place in two ways: (1) *by the capture of the 
a particle by the atomic nucleus and the emission of a proton, (2) by 

the ejection of a proton without the capture of the a particle. In the 

* Chadwick and Gamow, Mature , July 12, 1930. 
f In course of publication. 
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former case the a particle must penetrate into the nuclear system, in 
the second case it seems likely that the disintegrations would arise 
mainly from collisions in which the a particle does not penetrate into 
the nucleus. 

Consider a nucleus with a potential field of the type shown in 
Fig. 139, where the full line shows the potential barrier for the a 
particle and the dotted line that for the proton. Let the stable level 
on which the proton exists in the nucleus be — i?p 0 , and the level on 
which the a particle remains after capture be — E°. If an a particle 
of kinetic energy penetrates into this nucleus and is captured, the 
energy of the proton emitted in the disintegration will be 

E P - E a + E a ° - E p ° t 

neglecting the small kinetic energy of the residual nucleus. 



If the nucleus disintegrates without capture of the a particle, the 

initial kinetic energy of the a particle will be distributed between 

the ejected proton and the escaping a particle (again neglecting the 

recoiling nucleus). In this case the disintegration protons may have 

any energy between E„- 0 and E P = E a - E„°. 

If both these processes occur, the disintegration protons will consist 
of two groups: a continuous spectrum with a maximum energy less 

than that of the incident a particles, and a line spectrum with an 

energy greater or less than that of the original a particles according as 
E 0 > E p ° or E tt ° < Ep, but in either case greater than the upper 

limit of the continuous spectrum. The energy spectrum of the protons 

will be roughly as represented in Fig. 140. 
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If there are two levels on either of which the a particle may remain 
after capture, a second line may appear in the energy distribution of 
the protons. If there are two proton levels from which a proton may 
be ejected, there may be both a second line and a second continuous 
spectrum. 

It is to be expected that the two types of disintegration protons 
will differ in their angular distribution with respect to the direction 
of the initial a particles. It is probable that the protons of the line 
spectrum will be emitted nearly uniformly in all directions, while the 
protons of the continuous spectrum will be emitted mainly in the 
direction of tho colliding « particles.* 

Experimental evidence for the presence of groups of different ranges 
in the disintegration protons has been obtained by Bothe, by Pose, 
and by Erilnz*f\ as well as in the experiments mentioned above. In 

the case of boron bombarded by a particles of polonium (energy 
5 x 10 8 volts), three groups of disintegration protons have so far been 
found. These have ranges in air of about 10 cm., 32 cm. and 70 cm., 

corresponding to velocities of about 2;f>^* 10 9 , 3-08 x 10 9 , and 
3-93 x 10 9 cm. per sec. respectively. The first group is to bo identified 
as a continuous spectrum, and the two others as line spectra. Tho 
continuous group gives the level of the proton as about - 1-4 x JO 6 
volts, and the line groups suggest that the a particle may remain 
after capture on either of two levels, of about — 1*6 x 10 6 and 

— 4-6 x 10* volts. An a particle captured into the higher level must 
later fall into the lower, stable level with the emission of y radiation. 
It appears from energy considerations that all three groups must be 

attributed to the B 10 isotope of boron, and that there is no evidence 

of the disintegration of the B u isotope. The continuous spectrum of 
protons thus corresponds to the formation of the nucleus Be 9 , the line 

group of greater energy to the formation of C, 3) and the line group of 

smaller energy to the formation of an excited nucleus C 1S , which 

passes after the proton emission to the stable C 13 4 

The disintegration of aluminium by polonium # particles shows 

similar features, but in addition Pose§ has obtained very clear 

* See, however, Beck, Zeit. /, Phy8 , 64, 22, 1930, whose calculations suggest 
no pronounced difference in the angular distribution otthe two types of protons. 

f Bothe and Fr&nz, Zeit. f. Phys. 49, 1, 1928. Fr&riz, Zeit. f. Phys. 68, 370, 1930. 
Bothe, Zeit.f. Phys. 63, 381, 1930. Pose, Phys. Zeit. 30, 780, 1929; Zeit. f. Phys. 64, 
1, 1930. 

t A discussion of these questions is given by Chadwick, Constable, and Pollard, 
Proc. Bay. Soc. A (in course of publication). { Poee, Zeit./. Phys. 64, 1, 1930. 
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evidence of the occurrence of a resonance phenomenon between the 
a particle and the aluminium nucleus. The possibility of such a 
phenomenon was pointed out by Gurney and Condon*, and em- 
phasised later by Gumeyf . Suppose that the nucleus has a possible, 
but unstable, a particle level of positive energy E' (see Fig. 139). If 
the incident a particles have exactly energy E\ their chance of pene- 
trating into the nucleus will be unity and much greater than the 
chance for particles of larger or smaller energy. If a thick layer of 
nuclei is bombarded by a particles of initial energy greater than E\ 

tso that particles of energy exactly equal and very close to E f are 
present, there will appear a line group of protons corresponding to 

the increased chance of capture of a particles of energy E Pose’s 

experiments show definitely the presence of two groups of protons 
which must be explained in this way. The measurements suggest 
two "false’ a levels in the aluminium nucleus of positive energies 

Ud) x 10 6 and 4-8 x lO 6 volts. The normal proton groups can be ex- 
plained on the assumption of one proton level and two a levels. 

The experimental r^ults are not yet sufficiently precise to permit 

tlieif discussion in detail. Further work must be awaited, but it is 
already evident thai the phenomenon of artificial disintegration now 
promises to reveal the intimate structure of the nuclei of the lighter 

elements. 

* Gurney and Condon, Phys . Pev. 33, 127, 1929. 

f i urney, Nature, 123, 5(55, 1929; also Gamow, Phys. Zeit. 30, 717, 1929. 
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connection of, with mass, 530 % 
dependence of, on striictural units, 531 
et aeq. 

K veiled fi i ay spectra, 347, 350 
Expansion method 

of detection of a particles, 57 et seq. 
automatic, 59 et seq. 

upplicat on of stereoscopic methods to, 59 
Explosives, 

action of a rays on, 187 

Filtering of y raya 

effect on absorption coefficient of ThC* 
y rays, 468 

on RaC y raya, 474, 480 
Fluctuations 

in emission of a rays, 167 et seq. 
connection of, witJl transformation law, 

167 • 

observations of, 169 et seq. 

comparison of, witlf theory, 169 et seq. 
Focussing method, sec /3 ray spectra 

Gamma (y) rays 

decay of RaC measured by, 21 
nature of, 39 

connection of, with long range a particles, 
heating effect of, 161 

produced by a particles, 248 
and radioactive nuclei, 333 


Gamma (y) rays (cont.) 
homogeneity of, 334 
moment of emission, 353 
methods of investigation, 357 
of V(X t + X t ), 360 
of RaB, 363, 379 
of RaC, 365, 379 
of RaD, 366 
of MsTh 2 , 368 
of ThB, 369 
of ThCT, 371 
of AcC, 372 
of Ra, 372 
of Pa, 374 
of RtiAc, 375 
of AcX, 370 
of RdTh, 377 

measurement by crystal method, 378 
absorption coefficient, definition of, 453 
absorption of, from different bodies, 
456 

secondary, discovery of, 459 
scattered, wave-length of, 460 
Compton effect, 460 
scattering formulae, 463 
photoelectric absorption, 464 
absorption coefficients, measurement of, 
469 et seq. 

scattering: method of measurement, 472 
scattering : in light elements, 473 

absorption light elements, 473 
absorption of energy in scattering pro- 
cess, 476 

.scattering: angular distribution, 477 
absorption in heavy elements, 479 
excitation by /9 particles, 481 
excitation by a particles, 482 
total energy of, 495 
heating effect of, 495 

number of ions formed by, 496 
relative energies of, from different bodies, 

499 

number of, 502 
intensities of, relative, 505 
intensities of, absolute, 508 

internal conversion of, 509 
nuclear levels, 514 

Haloes, pleoohroic 
production of artificial, 57, 184 
origin of, 180 

fine structure of, 180 et seq. 
in fluorspar, 182 
in old mica, 183 

detection of missing elements by, 575 

Heating effect 

of radium, 158 et seq. 
connection of, with a rays, 159 

3H 
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Heating effect ( cont .) 

division of, between radon and products, 
160 

of /9 and y rays, 161 
of /3 rays, 402 
of y rays, 495 
Helium 

identity of a particle with atom of, 40, 
48, 103 

production of, by Ra, 163 
production of, by Ra, U, Th, 165 
'estimation of age of minerals by, 165 
presence of, in natural gases, 100 

Intensities of y rayB, 505 et seq. 

Ionisation by a particle 

methods of measurement of, 68 et seq. 
variation of, with range, 69 et seq. 
dependence of, on total range, 72 

curve of, for single particle, 73 
connection of, with expenditure of 
energy, 74 
magnitude of, 77 
in different gases, 79 et seq . 
calculation of, 143 et seq. 

secondary, 146 
in K level, 483 
Ionisation by jS particles, 444 
Ionisation function, 466 

Ionium 

discovery of, 7 
range of a particles from, 86 
Ions 

number produced by a particle, 77 
number of, per mm. of path of a particle, 78 
energy to produce, for a particle, 81 

theory of production of, 143 
energy to produce ions by electron, 146, 
499 

secondary ions due to 8 rays, 146 

Isotopes 

radioactive, 519 

of carbon and oxygen, 520 
whole number rule for, 521 

lilt of, 522 
gtructuie of, 523 

abundance of, 62 5' 
masses of, 527 

packing fraction* of, 529 

structure and weight of, 530 et seq. 

Luminosity 

of gases exposed to a rays, 179 
produced by a, ft y rays, 184 et seq. 
decay of, in ZnS, 186 

Magnetic field, directive effect on a particles, 
174 


Moan fr«e path 

for capturo and loss of elootron by a par- 
ticle, 124 

for capturo of electron by a partiole, 131 
Milliourie of radon, definition of, 45 

Nuclear levels, 514 
Nuclei, atomic 

numborinK of, 617 
isotopic, 518 et seq. 
whole number rule for, 521 
list of masses of, 522 
stability of, 524 
abundance of, 525 

departures from whole number rule for, 529 

energy considerations in, 530 et seq. 

structure of, 532 et seq. 

Nuclei, radioactive, 317 et seq 
experiments on, 319 et seq. 

theories of, 324 et seq. 
a transformations of, 328 et seq. 
p and y transformations of, 333 et seq. 

Packing effect 
definition of v 529 
variation of, 529 
Penetrating radiation 

discovery of, 485 
absorption coefficient of, 487 

special electroscopes for study of, 488 
method of investigation, 487, 493 
absorption in different media, 489 

nature of, 490 
origin of, 491 
directional effect, 493 
secondary electrons from, 493 

fluctuations in, 493 



in substances by a, jS, y rays, 185 
decay of, under a bombardment, 186 
Photoelectric absorption, 464 
dependence on A, 479, 507 

dependence on atomic number, 479 
Photography 

detection of single 5 particles by, 56 
of track* of a particle*, 57 et seq. 

Physical and chemical actions of a, jj, y rays 
on matter, 187 * 

Physiological actions 

of radium ray*, Met seq. 

precautions against, 188 et seq. 

Polonium • 

ionisation curve for a rays, 69 

velocity of a particles from, 106, 1(g) 
preparation of source* of, 652, 654 ti stq 
Probability variations, see Fluctuations 
Proton 
mass of, 521 
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Proton {cont.y 

importance of, in nuclear structure, 623 

changes of energy of, 630 

absence of, in radioactive changes, 634 

Radioactivity 

of ordinary matter, 637 
of potassium and rubidium, 641 
Radium 

discovery of, fi 

atomic weight of, 0 

importance of, 7 

transformations of, 24 

number of a particles from, 00 ft seq. 

charge of a particles from, 64 et seq. 

heat emission of, 158 et seq. 

production of helium by, 163 

solutions of, “>68, 600 

preparation of active deposit of, 660 

measurement of quantities of, 502 
international standard, 567 

standardisation of, 508 
Radium emanation, see Radon 

Radium B 

decay and recovery curvogjor, 12 ct scq. 
f3 r.i\ recoil from, 157 
Radium 0 

importance of, 7 ■» • 

variation of amount with time, 12 ct seq. 

amount of, iti equilibrium with radon, 18 

decay of activity of, 20 

growth of, in radon tube, 23 

branch products of, 29 

magnet. : deflection of a rays from, 43 

homogeneity of a rays from, 43 

electric defection of « rays from, 43 

velocity and energy of a particles from, 47 
energy of a particles from, 49 

use of, in counting a particles from Ba, 

60 et seq. 

ionisation curve for a rays of, 69 el scq. 
retardation of a particles from, 101 et scq. 

heat emission of, 162 
preparation of sources of, 554 

Radium 0/ 
origin of, 29 

separation of, by recoil, 158 
period of, 158 

Radium D • 

from radon tubes, 552 

separation of, 554 ct seq. 

Radon (radium emanation) 
importance of, 

deoiy and recovery curves for, 9 
transient equilibrium with its products, 19 
growth of radium C from, 23 
table of product* of, 24 
deflection of a rays from, 44 
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Radon ( radium emanation) ( coni .) 
nature of a particles from, 48 
heat emission of, 160, 162 
production of helium by, 164 
purification of, 559 
measurement of, 502 
Ranges of a particles 
early experiments, 67 
methods of measurement of, 68 et seq. 
meaning of extrapolated, 70 
from different products, 82 et seq. 
table of, 86 

of long range, 87 et seq. 
in solid elements, 99 et seq. 
calculation of, 136 

of recoil atoms, 155, 249 

connection with rate of transformation, 
174, 330 

Ranges of p particles, 416, 420 

table of, and energies, 422 
Recoil, aggregate, 557 

Recoil at-oms 

mass and velocity of, 153 
importance of, 154 
range and ionisation of, 154 
photography of tracks of, 155, 249 
charge of, 156 
from particles, 157 
efficiency of liberation of, 157 
application f , to life of RaC, 158 
range and velocity of, 249 
Recoil method, for separating products, 557 

Reflection of jS particles, 420 
Retardation of a particle 
measurement of, 101 et seq. 

Geiger’s rule for, 101 

variation of, along range, 104 
measurement of, in solids, 108 et seq. 
theories of, 134 et seq. 

Retardation of f$ particle, 423, 426 

Scattering of a particles 
theory of single scattering, 191 et seq. 
experiment* on single scattering, 195 etseq. 

multiple scattering, 209 

scattering at small angles, 209, 212 

in tracks obtained by expansion method, 
214 

criterion for single scattering, 222 

general relations, 240 H stq. 

energy and momentum relations, 244 el 

seq. 

in hydrogen, 252 
in helium, 201 

by aluminium and magnesium, 265 

anomalous scattering, experiments, 265 
anomalous scattering, discussion, 270 
by uranium, 322 
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Scattering of P particles 
early experiments, 215 
multiple scattering, 218 
plural scattering, 220 
criterion for single scattering, 222 
single scattering, theory, 224 
single scattering, experiments, 227 et seq. 
radiation produced during scattering, 
226, 239 

by electrons, 234 

in tracks in expansion chamber, 237 
Scattering of y rays, see Gamma rays 
Scintillations 
discovery of, 54 
counting of, 55, 63 

observations of fluctuations by, 170 et seq. 
double, 173 
from diamond, 185 
action of bombardment on, 185, 180 
precautions in counting, 189 
observation of, 544 el seq. 
duration of, 54/5 
spectrum of, 545 
hypotheses of production of, 547 
efficiency of observers in counting, 548 
Secondary gamma rays, 459 
Sources, active, preparation of, 558 

Stability of nuclei, 524, 526 
Stopping power 
meaning of, 95 

dependence of, on velocity, 97 
relative values of, for gases, 97 et seq. 
rules for calculation of, 99 
of liquids and solids, 99, 100 
theories of, 139 et seq. 

Straggling of a particles 
definition of, 111 
theory of, 112 

methods of measurement of, 112 el seq. 
variation of, with range of a particles, 

117, 118 

calculation of, 118 

Straggling of p particles, 432 

Tables 

the radioactive elements, 24-27 

radioactive sequence, 36 

energy spent per ion by a particles in 

gases, 81 

relative ionisation of a particle* in gases, 82 

ranges, velocities, and energies of a par- 
ticles, 86 

stopping powers of gases for a particles, 97 

ranges of a particles in solids, 100 

atomic stopping powers, 100 
retardation of a particle* in air, 104 
retardation of a particles in some ele- 
ments, 109 


Tables ( coni .) 

straggling coefficients, 117 
comparison of stopping powers with 
theory, 140, 141 

comparison of ranges of P particles with 
theory, 143 

heating effects of radium products, 161 
ranges of protons from artificial disinte- 
gration, 293 

number of electrons emitted in disinte- 
gration, 398 

end points of continuous p ray spectra, £06 
ranges of electrons in different elements, 
420 

ranges of p particles in Al, 422 
retardation of p particles in mica, 430 
comparison of ranges of /3 particles with 
theory, 443 

specific ionisation of /3 particles, 447 
primary ionisation of p particles, 448 
absorption coefficients of y rays from 
radio-elements, 450 

enorj/y spent by particle per ion, 499 
y ray energies emitted by different bodies, 

sm 

intensities of y rays, 505, 507, 509 
internal conversion coefficients, 512 
P ray spectra, &e p ray spectra 
y ray wave-lengths, see Gamma rays 
isotopes of ordinary elements, 522 
abundance of elements, 520 
[lacking fractions and atomic masses, 527 
constants used in book, 569 
elements, atomic numbers, and atomic 
weights, 570 
periodic table, 571 
Thorium 

discovery of activity of, 7 

table of products of, 27 

range and velocity of a particles from, 86 

number of a particles from, 165 
production of helium by, 165 
suggested origin of, 535 
preparation of actiye deposit of, 561 

Thorium C 

dual transformation of, 29 

complexity of a re^ys from, 47 
velocity of a particles from, 105 . 
heating effect of, 1Q2 
Thorium C' 
origin of, 29 

velocity of a particles from, 165 
Transformations, radioactive 

importance of, 1 el eeq. 
theory of, 7 el stq. 
average life of, 9 
period of, 9 
equilibrium in, 18 
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Transformations, radioactive ( cont .) 
practical examples of, 19 seq. 
table of products of, 24 et seq. 
branch products in, 28 et seq. 
connection of, with periodic law, 33 et 
v seq. 

end products of, 37 
origin of long range a rays in, 94 
relation between range and period of, 175, 
330 

Uranium 

discovery of activity of, 4 
table of products of, 24 
branch products of, 31 
ranges of a rays from, 85 
energy of a rays from, 80 


Uranium {cont.) 

number of a particles from, 165 
production of helium by, 165 

Volatilisation 

of active deposits, 556 
of polonium, 556 

X-rays 

emitted during disintegration, 355, 359, 
363, 377, 455 
excited by a particle, 482 

Zinc sulphide 

scintillations from, 54, 544 et seq. 
decay of luminosity of, 186 
active centres in, 186, 547 
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